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ABSTRACT

Metal air batteries, including lithium-oxygen (Li-O2) and zinc air batteries (ZAB), have drawn
research attention around the world due to their superior high energy densities. A Li-O2 cell
discharges to Li2O2 product at 3.1 V and could deliver a specific energy as high as 3623 Wh/kg,
which makes it a possible candidate system to power a full-size electric car. Up to now, the
challenges of metal air batteries have been the cycling instability of electrolytes and their low
round–trip efficiency, which could be increased by optimizing the cathode catalysts and
structures. In the past ten years, many advances have been achieved, but the challenges remain.
In this doctoral work, several promising efficient catalysts for Li-O2 batteries and ZAB have
been synthesized as novel cathode catalysts, and their electrical performances have been
investigated in details. These include LaNi0.9Cu0.1O3 perovskite oxide nanosheets, arrays of
TiN@Pt3Cu nanowires, and Ni3Pt alloy. These porous structures support fast O2 and electrolyte
transport as well as forming a continuous conductive network throughout the whole energy
15

conversion process. The electrolytes for Li-O2 batteries include organic solvents and lithium
salts, and the electrolyte for the ZAB is an alkaline solution. The electrolyte usually suffers
from degradation during cycling. Herein, a gel electrolyte was designed for the ZAB, which
can not only avoid electrolyte evaporation, but also provides a flexible structure. In this work,
Ni3Pt alloy deposited on nickel foam was employed as the cathode material. The results show
that the gel electrolyte has high ionic conductivity and low activation energy with a high
operating voltage.
This PhD study was begun by studying carbon- and binder-free three-dimensional (3D)
perovskite oxide as air electrode for Li-O2 batteries. Transition-metal-doped perovskite oxide
LaNi0.9M0.1O3 (M = Cu, Co) nanosheets were grown on nickel foam to serve as a complete
carbon- and binder-free 3D porous air electrode for lithium–oxygen batteries. The design of
this porous air electrode can facilitate rapid gas and electrolyte diffusion, as well as forming a
continuous electronically conductive network throughout the whole energy conversion process.
Because of the combination of abundant lattice strain and the oxygen vacancy effect caused by
substitution of an element with a different valence state in Ni sites, LaNi0.9Cu0.1O3 exhibits a
significant oxygen reduction reaction (ORR) and oxygen evolution reaction (OER), showing
improvement in both aqueous and non-aqueous systems compared with pure LaNiO3 and
LaNi0.9Co0.1O3. Especially with the redox mediator additive tetrathiafulvalene (TTF) in the
electrolyte, this LaNi0.9Cu0.1O3 perovskite oxide nanosheet catalyst grown on 3D microporous
nickel foam exhibits excellent bifunctional catalytic activity in the Li-O2 battery, showing the
same highly active catalytic kinetics and high round-trip efficiency as those of reported precious
metal catalysts. The overpotential remains at 0.72 V, and the round-trip efficiency is as high as
80% under a current density of 0.1 mA cm−2, with capacity limited to 1000 mA h g−1.
Secondly, TiN@Pt3Cu nanowire arrays were applied as an efficient electrode for Li-O2
batteries. To achieve high round-trip efficiency and satisfactory cycling stability, the air electrode
16

structure and the electrocatalysts play important roles. Here, a 3D array composed of onedimensional TiN@Pt3Cu nanowires was synthesized and employed as a completely porous air
electrode in a lithium–oxygen battery. The TiN nanowires were primarily used as an air electrode
frame and catalyst support to provide a network with high electronic conductivity because of the
high-orientation of the one-dimensional crystalline structure. Meanwhile, the deposited icosahedral
Pt3Cu nanocrystals exhibit highly efficient catalytic activity owing to the abundant {111} active
lattice facets and multiple twin boundaries. This porous air electrode comprises a one-dimensional
TiN@Pt3Cu nanowire array that demonstrates excellent energy conversion efficiency and rate
performance in full discharge and charge modes. The discharge capacity is as high as 4600 mAh g–
1

along with an 84% conversion efficiency at a current density of 0.2 mA cm –2, and when the current

density was increased to 0.8 mA cm–2, the discharge capacity was still greater than 3500 mAh g–
1

with nearly 70% efficiency. This designed array is a promising bi-functional porous air electrode

for Li-O2 batteries, forming a continuous conductive network with high catalytic activity to
facilitate rapid gas and electrolyte diffusion, and catalytic reactions throughout the whole energy
conversion process.

Finally, an integrated air electrode was designed for the ZAB. The Ni3Pt alloy was deposited
on 3D nickel foam by pulsed laser deposition for use as an integrated air electrode for
rechargeable ZAB. The conductive nickel foam and the Ni3Pt electrocatalyst loaded on the
nickel foam create a porous and conductive integrated air electrode that favors rapid gas and
electrolyte diffusion throughout the whole energy conversion process. The high electrocatalytic
activity of Ni3Pt alloy was investigated by rotating disk electrode, and the design of the air
electrode is crucial for the performance of the air battery. The ZAB in this work can operate
with overpotential below 0.62 V for 478 cycles (10 minutes per cycle) under a current density
of 10 mA cm-2, and the charge potential always stays lower than 1.7 V. The high performance
ZAB enabled in this work paves the way for a promising technique to fabricate cathodes by
pulsed laser deposition.
17
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Chapter 1 Introduction

The effort to replace petrol cars by electric vehicles and the utilization of renewable energy
are intended to solve the problems of climate change, energy security, and sustainability.
The metal air battery (MAB) with superior theoretical energy density (up to 2-3 kW kg-1)
is considered as the next-generation energy storage and conversion device. The
performance of a MAB depends on the effectiveness of the catalyst for the oxygen reduction
reaction (ORR) during the discharge process and the oxygen evolution reaction (OER)
during the charge process. A Li-O2 cell discharging to Li2O2 product at 3.1 V could deliver
a specific energy as high as 3623 Wh/kg, which makes it a possible candidate system to
power a full-size electric car. Another type of MAB is the rechargeable zinc air battery
(ZAB), which has a theoretical energy density of 1086 Wh/kg. The ZAB contains zinc metal
and alkaline electrolyte, which are more environmentally friendly than the Li metal and
organic electrolyte of Li-O2. The motivation of this Phd study is to develop new MABs such
as Li-O2 and ZAB with superior energy density (1-3 kWh/kg). The study in this thesis also
explore new materials such as LaNi0.9Cu0.1O3 perovskite oxide nanosheets, arrays of
TiN@Pt3Cu nanowires, and Ni3Pt alloy as efficient catalyst for oxygen reduction reaction
(ORR) and oxygen evolution reaction (OER).
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The Li-O2 battery can be divided to four types of structure, based on the electrolyte used in
the battery: non-aqueous, aqueous, hybrid, and all-solid-state batteries. Among the four
categories, the non-aqueous system is the most studied one. Therefore, this thesis is focused
on the research on non-aqueous Li-O2 batteries. The rechargeable ZAB includes an alkaline
electrolyte, however, which is aqueous and makes it feasible to test the battery in the normal
air environment.
The MAB is composed of a metal anode, a porous air cathode, and an electrolyte between
the two electrodes. The research effort on MABs could be described in terms of the
following directions: (1) exploration of new electrocatalyst materials, (2) improvement of
the stability and performance of the battery electrolyte, and (3) anode stabilization. In this
PhD project, various types of electrocatalysts were designed for Li-O2 batteries and ZABs.
Additionally, a gel electrolyte consisting of polyvinyl alcohol (PVA), KOH, and water was
introduced for the rechargeable ZAB.
The scope of this thesis is covered as follow:

Chapter 1 includes the introduction and an outline of the thesis.
Chapter 2 contains a detailed literature review on Li-O2 batteries and ZABs. This chapter
covers the general background and current challenges for rechargeable Li-O2 batteries and
ZABs.
Chapter 3 starts with the synthesis method for electrocatalysts, and the physical and
electrochemical characterization techniques used in this PhD study.
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In Chapter 4, the hydrothermal method was used to fabricate one-dimensional perovskite oxide

LaNi0.9M0.1O3 (M = Cu, Co) nanosheets as an efficient catalyst for the ORR and OER in LiO2 batteries.
In Chapter 5, an array of one-dimensional TiN@Pt3Cu nanowires was studied, in which the TiN
creates an electronically conductive cathode network. This material delivers excellent
performance in Li-O2 cells with discharge capacity as high as 4600 mAh g–1 and conversion
efficiency of 84% at a current density of 0.2 mA cm–2.
In Chapter 6, Ni3Pt alloy was coated on nickel foam by pulsed laser deposition. The high

electrocatalytic activity of Ni3Pt alloy was investigated by rotating disk electrode, and the
design of the air electrode is crucial for the performance of the air battery. The zinc air
battery in this work can operate with overpotential below 0.62 V for 478 cycles (10 minutes
per cycle) under a current density of 10 mA cm-2, and the charge potential always stays
lower than 1.7 V.
Chapter 7 outlines the significant outcomes and achievements of this thesis, accompanied by a
reference list and publications gained during the PhD study.
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Chapter 2 Literature Review

Oil price swings and the climate change issue have forced us to search for new energy
storage systems, such as smart grid. The lithium-ion batteries (LIBs), which possesses
higher energy density than previous power sources such as nickel metal hydride (Ni-MH)
batteries are being considered to fulfil the world’s energy storage demands. Nevertheless,
the maximum energy density of current LIBs, which is limited by the intercalation
chemistry, cannot meet the requirements for electric vehicles (EVs). As a result, the metal
air batteries (MABs) are considered as an alternative to the current LIBs due to their
extremely high energy density (Figure 2.1).

Figure 2.1 Theoretical and practical energy densities of various types of rechargeable
battery. [1]
In Figure 2.1, the rechargeable Zn-Air and Li-Air are considered as the two new alternative
batteries to replace the LIBs in the future, although there are still many challenges and
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difficulties for developing real commercialized Li-Air and Zn-Air batteries. The background
on these two systems will be covered in the next sections.

2.1 Lithium oxygen batteries
2.1.1 General background and brief history
34 % of the world’s total primary energy is used for automobile applications such as in cars,
trucks, and other petrol engine vehicles. This is considered as a major cause of geopolitical
instability. As a result, the first hybrid electric vehicles (HEVs) and plug-in hybrid electric
vehicles (PHEVs) were fabricated by Toyota. After that, Tesla introduced pure electric
vehicles (PEVs) onto the market

[2-5]

. The use of alternative energy sources, such as solar

and wind power, could limit our dependence on fossil fuels and, thus reduce CO2 emissions.
Better energy storage devices are highly demanding. One of the most viable candidates for
such devices is the rechargeable Li battery

[2, 6]

. Among the variable storage systems, the

lithium (Li) ion battery (LIB) is the most promising candidate due to its high specific energy
(150 Wh/kg), high energy density (650 Wh/l)

[7]

, good rate capability and safety, and low

cost. At the level of powering a vehicle, however, gasoline still outperforms Li ion batteries
due to its huge specific energy density (12888 Wh/kg) and volumetric energy density (9500
Wh/l)[8]. In order to meet electric vehicle (EV) requirements, new systems with higher
specific energy than the lithium ion battery need to be considered.
In 1996, Abraham reported the first rechargeable Li-O2 battery [5], which included a Li anode
[10]

, an organic-impregnated polyacrylonitrile electrolyte, and a carbon electrode. A decade

later, the Bruce group introduced a non-aqueous Li-O2 battery with a lithium anode, 1 M
LiPF6 in propylene carbonate as electrolyte, and α-MnO2 nanowires as the cathode catalyst
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[11]

. The new materials delivered capacity of 730 mAh/g (including mass of carbon, binder,

and electrode) at a discharge voltage of 2.75 V. For the past ten years, many groups have
reported their work on the Li-O2 battery with new catalyst materials [12, 13], new architectures
[14, 15]

, and improved performance [14-21]. There are many challenges in developing the Li-O2

battery, however

[9]

. A lithium oxygen (Li-O2) battery discharging to Li2O2 at 3.1 V has

specific energy of 3623 Wh/kg [9], which is significantly higher than that of the lithium ion
battery.
The simple structure and large specific capacity of the Li-O2 battery have attracted much
attention around the world. New developments in materials technology have paved the way
for research efforts on Li-O2 batteries

[22, 23]

. Several research groups are now developing

advanced catalysts and cathode substrates to increase their round-trip efficiency and cycle
life using mostly organic electrolytes. Most cathode materials include porous carbon,
graphene, and carbon nanotubes (CNTs)
catalysts such as metal oxides (MnO2

[21,24]

[26, 27]

or carbon nanofibers (CNFs)

, Co3O4

[28, 29]

), noble metals

[30]

[24, 25]

with

, and other

materials [31,32].
Another factor that affect battery performance is the electrolyte. The solubility, diffusion
coefficients, and partial pressure of O2 in the electrolyte can enhance the battery efficiency
significantly [33, 34]. Read and co-workers [35] started the research on electrolytes and showed
that the discharge product is Li2O2/Li2O and that the formation of these oxides in the cathode
is a function of the electrolyte type and discharge rate. It was shown that the Li2O discharge
product can discharge at a voltage below 2.0 V (vs. Li/Li+). By limiting the discharge voltage
to above 2.0 V, the formation of Li2O is expected to take place. At a voltage of 2.9 V, the
formation of Li2O2 was demonstrated. In 2009, IBM launched a project to develop electric
vehicles that were powered by Li-O2 batteries [36]. As the complex structure of air battery is
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under heavy research, more aspects are being brought into focus to improve the battery
performance [1].

2.1.2 Working mechanism
The working mechanism of the Li-O2 battery can be found in Figure 2.2(a), which shows a
schematic diagram of a Li-O2 cell

[37]

. The cell includes a Li metal anode, 1 M lithium

bis(trifluoromethanesulfonyl)imide (LiTFSI) in propylene carbonate electrolyte dropped on
a 250 μm thick glass mat fiber separator, and a cathode. In this case, the cathode is a mixture
of Super P, α-MnO2, polyvinylidene fluoride (PVDF) in a ratio of 54:10:36. The paste was
loaded on Ni foam, which served as the current collector.

Figure 2.2 (a) Schematic operation proposed and (b) a typical measured discharge-charge
cycle (based on Super P (SP) carbon) for rechargeable nonaqueous Li-O2 batteries. [37]
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Figure 2.2(b) shows the discharge and charge profile of the cell. As the battery discharges,
Li metal is oxidized to Li+ ions and electrons (Li

Li+ + e-). The Li ions move through

the electrolyte to the cathode, and the electrons move through external circuit to cathode. At
the cathode, Li ions are reduced by oxygen (O2) to form the lithium peroxide (Li2O2)
discharge product (2 Li+ + O2 + 2e-

Li2O2). Since O2 is reduced during discharge,

people often call this the oxygen-reduction reaction (ORR). The standard potential of the
discharge reaction is Uo = 2.96 V, using the Nernst equation. In the charging process, a
voltage U > Uo applied on the external circuit will reverse the discharge process. During the
charge process, Li2O2 is oxidized to form Li ions, O2, and electrons (Li2O2

2Li+ + O2 +

2e-). Electrons will move to the anode through external circuit, and Li ions will move through
the electrolyte to anode. Finally, the Li ions are reduced at the anode to reform Li metal.
Because an external voltage oxidizes Li2O2 to O2 during charging, people often call this the
oxygen evolution reaction (OER).
From Figure 2.2(b), the discharge voltage stays below 2.96 V. The discharge overpotential
(ηdis) is around 0.2 V, which originates from the insolubility of Li2O2. As the discharge
process continues, Li2O2 builds up on the cathode surface and blocks access of the reacting
species (Li+, O2, and electrons) to the active surface. This process explains how the
overpotential increases during discharge. At the end of the discharge process, a significant
amount of Li2O2 has accumulated at the cathode, which requires a large charge overpotential
(ηchg) of 0.8 V to oxidize the Li2O2 back to Li+, O2, and electrons. Due to the high ηdis and
ηchg, the ratio of the discharge voltage to the charge voltage is 2.6 V/4 V = 65% [37], which
means that 35% of the energy was wasted during the charge/discharge process. Since this
review was reported in 2010

[37]

, many groups have improved battery performance during

cycling and addressed low overpotential by using new catalyst materials [38].
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2.1.3 Basic concepts
Basic concepts are described as followed to explain battery operation and related
electrochemical processes:
•

Potential

The theromodynamic and kinetic equations that arise from the properties of the active
species involved are used to describe the battery characteristics. Each electrochemical
reactions is related to a standard electrode potential, E0, which can be calculated from the
Gibbs free energy under equilibrium conditions:
(2.1)

∆G= W = -nFE0

Where ∆G is the Gibbs free energy, W is the work, F is the Faraday constant (96485 C), n is
the number of electrons involved in a stoichiometric reaction, and E0 is the electrode
potential.
•

Overpotential

In electrochemistry, the overpotential is the potential difference (voltage) between a halfreaction's thermodynamically determined reduction potential and the potential at which the
redox event is experimentally observed. The term is directly related to a cell's voltage
efficiency.
•

Charging

Charging is the process in which a secondary cell or rechargeable battery is charged with
energy by the input of an electric current. The battery is restored to ots charged condition by
applying a charging current for a certain period of time.
•

Discharging

The operation of a cell or battery in which the battery provides a certain current and voltage
to an output device.
•

Specific energy and Energy density
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Energy density is the amount of energy stored in a given system or region of space per unit
volume (Wh·l-1). Additionally, it may also be used for energy per unit mass (Wh·kg-1), and
the accurate term for this is specific energy.
•

Energy efficiency

Energy efficiency (η) is the ratio between the discharge specific energy of the cell and the
charge specific energy, in energy terms. In the air battery system, energy efficiency is
determined by the properties of the electrocatalysts in the cells.
(2.2)

Energy efficiency = 𝑄𝑑/𝑄c ×100 %

2.1.4 Opportunity and challenges
(a) High energy density and low rate capability
Research on the Li-O2 battery has been carried out for more than 40 years, although the
results are still not at the practical level. The requirement for a high energy density battery
is urgent, but there are many challenges. One of the problems is the rate capability. Up to
now, only limited current densities have been reported, and generally, the discharge current
is one or two orders of magnitude lower than for commercial Li-ion batteries. The low
current density can be related to the rates of the ORR and OER reactions at the cathode,
which can be improved by developing better electrocatalysts.
(b) Problems with the ambient gas
The term “Li-O2 battery” also explain another problem of this type of battery. The ambient
air is consists of N2 (78 %) and O2 (21 %) with other gases making up the rest. CO2 and
moisture in the ambient air can significantly influence the electrochemical performance of a
Li-O2 cell with a negative impact on cyclability, even in small amounts [39, 40]. For example,
lithium metal can react with H2O in the air and form LiOH and H2. Aurbach‘s work

[39,40]

showed that CO2 can also react with the Li ions to form Li2CO3 on the electrode surface, and
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Takechi et al. [41] also pointed out that Li2CO3 can be formed by the reaction of CO2 and
Li2O2. In order to solve the CO2 and H2O problems, O2-selective membranes are currently
under intense development.
(c) Catalyst and electrolyte issues
Among the multiple issues affecting the Li-O2 battery performance, low ORR activity is the
main issue reported. The cathode ORR in a Li-O2 battery is slower than the Li oxidation in
LIBs, which explains why the rate capability in a Li-O2 battery is poorer than in LIBs 42, 43.
Therefore, the cathode catalyst in Li-O2 batteries has gained more research focus than the
anode part, explaining the numerous research reports focused on the cathode catalysts
MnO2 was reported to reduce the overpotential of the battery

[3, 11, 26]

[46]

.

. Several types of

electrolytes have been applied in Li-O2 batteries, including propylene carbonate (PC)
dimethoxyethane (DME)

[44]

, tetraethylene glycol dimethyl ether (TEGDME)

[45]

,

[47]

,

dimethylformamide (DMF) [48], dimethylsulfoxide (DMSO), tetramethylene sulfone [49], etc.
Most of the electrolytes above are not stable and are easily attacked by the discharge species
such as O2-, O22- (Li2O2), LiO2, and LiO2- [50]. Choosing the right electrolyte is essential for
improving the performance of Li-O2 batteries. It was reported that carbon-based electrolyte
is not stable in an oxygen environment, while ether based electrolytes such as TEGDME are
more stable than carbon based electrolytes. Additionally, a redox mediator was reported to
reduce the overpotential in lithium-oxygen batteries

[51]

. The redox mediator can suppress

the charging instability of Li-O2 batteries and improve the discharge process. In this doctoral
thesis, tetrathiafulvalene (TTF) mediator

[52, 53]

Li-O2 cells.

2.1.5 Cathode materials
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was used to improve the charge process in

(a) Air cathode: good electronic, ionic conduction, fast oxygen diffusion, and a high
degree of porosity

Figure 2.3 Schematic illustration of a rechargeable Li–O2 battery. Lithium metal anode;
porous α-MnO2-catalyzed Li2O2 cathode, LiPF6-propylene carbonate organic
electrolyte.[54]
The cathode materials include catalysts (Pt, Au, Ru, α-MnO2, etc.), conductive carbon (super
P,

Ketjenblack

(KB),

reduced

graphene

oxide

(rGO)),

and

binders

(PVDF,

polytetrafluoroethylene (PTFE), etc.) loaded on the current collector (stainless steel mesh,
Ni foam, carbon paper, etc.). In a Li-O2 battery, the cathode plays a vital role

[9]

. A good

cathode needs to host the discharge product (Li2O2, Li2O, or LiOH) and facilitate the
discharge process, which oxidizes those species back to Li+, O2, and electrons. The cathode
materials should feature the following properties: good electronic and ionic conductivity,
fast oxygen diffusion, and a high degree of porosity. These properties make graphene
19,55-57]

, 3D foam-like NiCo2O4

LaNiCo3 nanocubes

[38]

[58]

[Figure 2.4], porous Co3O4

[17-

[59]

[Figure 2.5], spongy

[Figure 2.6], and other materials with large surface area ideal

candidates for Li-O2 cathode catalysts [60]. The porous materials tend to provide large surface
area; as a result, they produce the high number of active sites, which enhance the reaction to
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form Li2O2 in discharge process. The improvement of Li2O2 accumulation helps increase the
discharge voltage of Li-O2 batteries. The high number of active sites also enhance the Li2O2
decomposition, which occurs in the charge process.

Figure 2.4 (a, b) High resolution scanning electron microscope (HRSEM) images, (c)
transmission electron microscope (TEM) image, with the dashed lines indicating the
nanowalls, and (d) high resolution TEM (HRTEM) image of the as‐prepared 3D foam‐like
NiCo2O4.[58]

Figure 2.5 (a–c) Scanning electron microscope (SEM) images of the ethylene glycol-cobalt
oxide CoO3 (EG-CO) sample at different magnifications viewed from the top; (d) SEM image of
the EG-CO precursor; (e and f) SEM images of the EG-CO sample viewed from the side; (g)
SEM images of the de-ionized water–cobalt oxide CoO3 (DW-CO) precursor and (h) SEM image
of the DW-CO sample.[59]
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Figure 2.6 SEM (a, b) and TEM (c, d) images of the obtained LaNiO3 nanocubes before (a,
c) and after (b, d) annealing, respectively. [38]

(b) Current collector
Firstly, the current collector at cathode should serve as gas diffusion layer (GDL), which
allows O2 to go through the electrode for the discharge process. Secondly, the cathode needs
to be stable during charge and discharge, and the current collector provides support. Metal
mesh [14, 21], metal foam [12, 52], and carbonaceous substrates [61] [Figure 2.7] are commonly
used as current collectors in Li-O2 batteries.
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Figure 2.7 (a) Schematic illustration of the design and preparation of hierarchical rutile
TiO2 nanowire arrays (TiO2 NAs)/ grown on carbon textiles (CT). (b) Scanning electron
microscope image and photograph (inset) of pristine–CT (scale bar, 10 μm). (c) SEM
image and photograph (inset) of the obtained TiO 2 NAs/CT cathode (scale bar, 10 μm).
(d) Enlarged image of c. Scale bars: 500 nm. [61]
Carbon based supports have the advantage of low mass advantage, although carbon tends to
react with Li2O2 to form Li2CO3 [46, 62-64] at a high charge voltage via following reactions [60].
Li2O2 + C + 1/2O2
2Li2O2 + C

Li2CO3
Li2O + Li2CO3

Carbon oxidation can be avoided by using a metal substrate such as Ni foam. Ni foam serves
as both a current collector and a substrate to grow the catalyst [12, 52, 59, 65-68].
(c) ORR and OER catalysts
In Li-O2 batteries, the catalyst can work as an ORR or OER catalyst. The materials will lower
the activation barrier of the reaction (possibly reducing the activation energy of the reaction).
As a result, the discharge overpotential (ηdis) or charge overpotential (ηchg) could be
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significantly reduced. In 2010, the Shao Horn group introduced the use of platinum−gold
nanoparticles as a bifunctional catalyst

[20]

. Figure 2.8 shows how Au catalyses the ORR

process and Pt enhances the OER step. In the past nine years, many groups have reported
several new catalyst materials with the excellent bifunctional ORR-OER effects [11, 13, 16-17,
19, 20, 37]

. Based on their chemical composition, catalysts could be divided into four groups,

including porous carbon materials, precious metals, non-precious metals, and transition
metal oxides.

Figure 2.8 Li−O2 cell discharge/charge profiles of carbon (black, 85 mA/gcarbon) and PtAu/C
(red, 100 mA/gcarbon) in the third cycle at 0.04 mA/cm2 electrode, with the inset showing the
structure of the PtAu catalyst. [20]

(c1) Porous carbon materials
Carbon based catalysts offer high capacity due to their low mass

[9]

. Additionally,

carbonaceous cathode is a good electronic conductor that facilitates electron transport. In
most cases, carbon improves the ORR activity of discharge process [19]. The strategy has to
combine carbon materials such as graphene [19, 55], CNT [69], or N-doped carbon [70] with other
OER catalyst materials as bi-functional catalysts.
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Despite its good performance, carbon creates two problems. Firstly, carbon reacts with Li2O2
to form Li2CO3 at high charge voltages

[64]

. Secondly, most carbonaceous materials are

hydrophobic. As a result, the non-aqueous electrolyte wets the entire catalyst surface, which
restricts the flow of oxygen in the air electrode

[60]

. In general, carbon is the most popular

material. It has drawbacks in the OER process, however, and reacts with Li2O2 at high charge
voltage

[60]

. Other catalysts with both excellent ORR and excellent OER performance are

necessary to boost Li-O2 battery performance.
(c2) Precious metals
Despite their high cost, noble metals such as Pt, Au, Ru, Ag, and Pd have been used as
catalysts for both OER and ORR processes for many years [19- 21, 71]. In 2010, the Shao-Horn
group reported the use of Pt-Au nanoparticles as a bifunctional catalyst

[20]

(Figure 2.8).

Later, Lee discovered that ruthenium oxide (Ru2O) could improve the OER process
significantly

[19]

(Figure 2.9). The charge potential was reduced to 3.7 V, which is

significantly low compared to the charge potential at 4.5 V of charged carbon. Recently, Pt
alloy [21] was proved efficient for improving the specific capacity and overpotential in Li-O2
batteries (Figure 2.10). The Li-O2 cell using Lou et al.’s Pt-Gd catalyst could be cycled at
4000 mAh g-1 with the overpotential at 0.8 V.[21]

Figure 2.9 TEM image with enlargement in inset (left) and discharge–charge cycles (right)
of Li-air cells using RuO2·O.64H2O-rGO hybrid as catalyst material. [19]
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Figure 2.10 Full discharge capacity and overpotential results from previously published
works on cathode electrocatalysts. [21]

(c3) Non-precious metals
Transition metal–nitrogen–carbon (M–N/C, M = Fe, Co, etc.) nanostructures are the most
promising class of non-precious metal catalysts (NPMCs) for the ORR process. In 2012,
work from Shui et al. showed that Fe/N/C composite

[72]

could lower the charge potential

compared to α-MnO2, which was earlier reported by the Bruce group [11].

Figure 2.11 Li2O2 formation on Fe/N/C catalyst and the discharge-charge cycle of Fe/N/C
composite compared with MnO2 catalyst. [72]
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Additionally, the transition metal based catalyst also helps to reduce the cost for the catalyst.
Recently, alloys of transition metals and noble metals were also applied as catalyst for LiO2 batteries, including PtCu [53], PtCo[74], and PtNi[73].

(c4) Transition metal oxides
Since the Bruce group reported their work on α-MnO2 [11], much attention has been paid to
single oxides (MxOy, where M is a transition metal). α-MnO2 gives the lowest charge
potential of 3.5 V among the other oxides, such as α-MnO2, CuO, NiO, and Co3O. A report
from the Bruce group also recommended Co3O4 as a good catalyst that offers the best
compromise between the initial capacity and capacity retention [28]. In addition to the single
oxide, two element transition metal oxides (MxNyOz) were predicted to give good OER
performance [75].
MxNyOz oxides such as NiCo2O4 [58] and LaNiO3 (LNO) [38] serve as cost effective materials
for Li-O2 batteries. Figure 2.12 shows LNO performance compared to carbon material with
lower charge overpotential, but the discharge terminal voltage is reduced to 2 V after the 24th
cycle, with capacity limited to 1000 mAh g-1. In 2014, the Goodenough group reported Mg
doped LaNi1−xMgxO3 as a bifunctional catalyst for lithium air batteries

[76]

. As a cathode

catalyst, LNO is an inexpensive choice comparing to noble metals such as Pt and Au. The
partial replacement of Ni element in LNO was also reported to enhance the catalyst
performance.
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Figure 2.12 (a), (b) Cycling performance of porous LaNiO3 nanocube electrode at 0.08 mA
cm−2 with limited capacity of 1000 mAh g−1and 500 mAh g−1, respectively; (c) Cycling
performance of VX-72 carbon electrode at 0.08 mA cm−2 with limited capacity of 500 mAh
g-1. [38]
2.1.6 Anode
The anode of Li-O2 batteries is generally pure lithium metal. There are few works, however,
that reported the application of lithiated silicon, LixSi [77], and lithiated Al-carbon [78]. Because
of the high reactivity of Li metal, the Li needs to be protected. Figure 2.13 shows architecture
of a non-aqueous Li-O2 battery [37a]. In this configuration, the Li metal is in contact with the
non-aqueous electrolyte, reacts with the electrolyte, and forms a stable solid-electrolyte
interphase (SEI). Due to its simplicity and rechargeability, the non-aqueous architecture is the
most widely used system.

Figure 3.13 Architecture of non-aqueous (aprotic) Li-O2 battery, which assumes the use of
lithium metal as the anode. Spontaneously occurring SEIs on the lithium anode are indicated
by dashed lines. [37a]
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Dendritic lithium formation and the electrochemical instability of a lithium metal electrode remain
significant challenges that must be overcome to allow the operation of Li-O2 batteries. There are
several ways to reduce the dendrite formation such as addition of additive in electrolyte. As shown in
Figure 2.14, the sharp Li can be avoided by introducing 0.05 M CsPF6. [37b] The additive in this

work acts as an electrostatic shield which prevent further Li accumulation at sharp edges on
Li metal surface.

Figure 4.14 Simulated Li deposition onto a flat electrode surface from (a) 1 M LiPF6 solution
in PC and (b) from 1 M LiPF6 + 0.05 M CsPF6 solution in PC. [37b]
Additionally, it was reported that high Li salt concentration could suppress dendrite
formation. The use of highly concentrated electrolytes (Figure 2.15 c,d) composed of

ether solvents and the LiFSI salt enables the high-rate cycling of a lithium metal
anode at high Coulombic efficiency (up to 99.1%) without dendrite growth. [37c]

Figure 2.15 SEM images of the morphologies of Li metal after plating on Cu substrates in
different electrolytes. (a,b) 1 M LiPF6-PC. (c,d) 4 M LiFSI-DME. The current density was
1.0 mA cm−2 and the deposition time was 1.5 h. The diameter of the Cu substrate shown in
the insert of (a,c) was 2 cm. Scale bar, 10 μm. [37c]
Another approach to mitigate the dendrite issue is covering the Li surface with a protective
layer before cycling. This should be a strong physical barrier against dendrite propagation. It
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is shown in Figure 2.16 that a thin Li3PO4 layer on Li with the good Li-ion conductivity and
high Young’s modulus mechanical properties exhibited a smooth, compact interface without
obvious dendrites after 200 cycles. [37d]

Figure 2.16 Schematics of the different Li anode structures. [37d]
In conclusion, after analysing a few cases, the dendrite formation can be reduced by using
additives, high Li salt concentration, protective layer, and so forth.
2.1.7 Non-aqueous electrolytes:
(a) Electrolyte decomposition
Because of the similarity of the Li-O2 cell to the lithium-ion battery cell, the first idea was to
apply the electrolytes used of lithium ion batteries for Li-O2 batteries. In Figure 2.17, 1 M
LiPF6 in propylene carbonate (PC) electrolyte was used under O2

[79]

. Upon cycling, the

formation of other products such as Li acetate, formate, and carbonate was observed between
6 and 30 cycles. The decomposition of PC electrolyte was proposed to explain the presence
of Li acetate, formate, and carbonate. These by-products are unwanted, and they may reduce
the performance of batteries.
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Figure 2.17 Fourier transform infrared (FTIR) spectra of composite electrodes containing the
pristine material and electrodes after the indicated number of cycles between 2 and 4.2 V at the
end of charge. Spectra of Li acetate, formate, and carbonate are shown for comparison. [79]
(b) Various types of non-aqueous electrolytes
Normally, researchers prefer to have stable electrolytes that do not decompose during cycling.
Many types of electrolyte have been applied for Li-air batteries including carbonate‐based
electrolytes [79-86], ether‐based electrolytes [87-93], dimethylsulfoxide (DMSO) electrolyte [94-97],
ionic liquids

[98-106]

, acetonitrile electrolytes

polymer electrolytes

[123-124]

[107-119]

, amide‐based electrolytes

, and solid glass‐ceramic electrolytes

[125-126]

[120-122]

, solid

. Among these

electrolytes, ionic liquids have the advantage of stability at high charging voltages.
2.1.8 Redox mediators
Additives or redox mediators (RMs) can be used to enhance the performance of the discharge
or charge process. In Figure 2.18, the discharge voltage can be improved significantly by
adding K+ additive to the electrolyte. The presence of RM (K+ additive) in the electrolyte can
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enhance the morphology of the discharge products (Figure 2.18). It is shown in Figure 2.18
that

the

discharge

voltage

is

increased

significantly

with

the

addition

of

potassium trifluoromethanesulfonate (KOTf).

Figure 2.18 The first discharge curves of batteries with and without K+ additive in the
electrolyte with the corresponding Transmission electron microscope (TEM) images of the
discharge products. [127]

2, 5-Di-tert-butyl-1, 4-benzoquinone (DBBQ) was also reported as an additive or mediator for
the discharge process.[128] In the charge process, the charge voltage could be reduced by
introducing 2, 2, 6, 6-tetramethyl-1-piperidinyloxy (TEMPO)
[129]

[128]

, tetrathiafulvalene (TTF)

, tris[4-(diethylamino)phenyl]amine (TDPA) [130], LiNO3 [131], LiBr [132], and InI3 [133] into

the electrolyte. Several other RMs are listed by Lim et al. [134] RM is currently a hot topic, and
it could significantly enhance the performance of the Li-O2 battery.
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2.2 Zinc-air batteries
(a) Alkaline electrolyte with water loss and zinc corrosion issues
Among all the MABs, the primary Zn-air battery is the only commercialized product, and
alkaline solution is the electrolyte for it. [135,136] The primary Zn-air is successful because of its
excellent discharge process, which is linked to the oxygen reduction reaction (ORR). In order
to make a secondary Zn-air battery successful, it is necessary to design a good charge process
that is governed by the oxygen evolution reaction (OER) and the complex structure of the
whole battery. This review is focused on the problems of alkaline electrolytes. As a result, the
best way to design the electrolyte for rechargeable Zn-air batteries can be found. Firstly, the
alkaline electrolyte has the problem of water loss, and it requires the regular top up or
replacement of electrolyte. [137] Secondly, the Zn anode is corroded in alkaline electrolyte. As
shown in Figure 2.19d and Figure 2.19e, it is necessary to replace the electrolyte and zinc foil.

(b) Alkaline polymer electrolyte
In order to solve the water loss issue, polymer was added to the highly alkaline solution to form
an alkaline polymer electrolyte such as hydroponics gel

[138,139]

polymer matrix [140-141], or Sago gel polymer electrolyte [142].
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, polyvinyl alcohol (PVA),

Figure 2.19 Application of hierarchical Co/N/O tri-doped graphene catalyst (NGM‐Co) in
rechargeable liquid Zn‐air batteries. a) Charge and discharge polarization curves. b)
Photograph of a toy car powered by one Zn‐air battery based on NGM‐Co catalyst. c) Discharge
curves of Zn‐air batteries assembled with the NGM‐Co and Pt/C + Ir/C catalysts at 20.0 mA
cm−2 discharging rate. d) Galvanostatic discharge–charge cycling curves at 5.0 mA cm−2 of the
rechargeable Zn‐air batteries. e) Long-term cycling test at 2.0 mA cm−2. The electrolyte and
zinc foil were replaced for a subsequent cycling as indicated by the arrows in (d) and (e). [137]

Figure 2.20 shows cyclic voltammograms (CVs) in the −1.5 to +1.5 V range for polyethylene
oxide (PEO)–PVA polymer electrolyte and two types of separators (PP/PE and cellulose). It is
clearly that the polyethylene (PE)/polypropylene (PP) and cellulose separators have much
narrower electrochemical stability windows than PEO–PVA, as shown in Figure 2.20. The
electrochemical stability obviously makes PEO-PVA a strong candidate for Zn-air batteries.
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Figure 2.20 Cyclic voltammograms of composite PEO–PVA polymer electrolyte film, with
PE/PP and cellulose separators at scan rate of 1 mV/s at 25°C. [140] SCE: saturated calomel
electrode.

(c) Neutral electrolyte, PEG, and dendrite suppression
A type of neutral electrolyte was developed for rechargeable zinc-air battery application. [143145]

Rechargeable zinc-air battery tests in Goh et al.’s group

[143]

showed that such a battery

with neutral electrolyte could last up to 1000 hours over hundreds of discharge-charge cycles,
with discharge-charge capacity ranging from 20 to 120 mAh/g. No zinc dendrites were formed
during the long battery test. As shown in Figure 2.21c, Figure 2.21d, Figure 2.21g, and Figure
2.21h, significant suppression of dendrite growth could be obtained with polyethylene glycol
(PEG) concentrations of 1000 and 10000 ppm.
Based on the literature review, this PhD work was focused on the study of electrocatalysts for
metal air batteries, in particular the two systems represented by the Li-O2 battery and the
rechargeable zinc air battery. The metal oxide LaNiCuO3 and nanoparticles of Pt3Cu on an
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array of TiN nanorods were applied as catalysts for the Li-O2 battery. In the case of the
rechargeable zinc air battery, a film of Ni3Pt catalyst [prepared by pulsed laser deposition
(PLD)] on Ni foam was used as air cathode for the battery.

Figure 2.21 Optical microscope images of Zn dendrites protruding from the tip of a polyvinyl
chloride (PVC)-coated wire electrode on which Zn was electrodeposited potentiostatically for
8 minutes. The electrolyte contains 0.1 M ZnCl2 with various concentrations of PEG: 0 ppm
[(a) and (e)], 100 ppm [(b) and (f)], 1000 ppm [(c) and (g)], and 10000 ppm [(d) and (h)]. Two
operating voltages are compared: –1.25 V vs. Ag/AgCl [(a)–(d)] and –1.30 V vs. Ag/AgCl
[(e)–(h)]. [146]
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Chapter 3 Experiment
3.1 List of materials and chemicals
All of the chemicals and materials were purchased from Sigma Aldrich, and the chemicals are
listed in Table 3.1.
Table 3.1 Details of materials used in this PhD study.
Materials/Chemicals

Chemical formulae

Purity (%)

Supplier

Acetone

CH3COCH3

≥99.5

Sigma-Aldrich

Ammonia solution

NH3

28-30

Merck

Argon gas

Ar

99.9

BOC

Carbon black

C

Timcal, Belgium

Cobalt (II) nitrate
Co(NO3)2·6H2O

98.5

Sigma-Aldrich

Cu(NO3)2·3H2O

≥99

Sigma-Aldrich

hexahydrate
Copper (II) nitrate
trihydrate
Q-Store
Ethanol

C2H5O

Reagent
Australia

Ethylene glycol

HOCH2CH2OH

Isopropanol

(CH3)2CHOH

99.8

Sigma-Aldrich
Sigma-Aldrich

Lanthanum (III) nitrate
La(NO3)3·6H2O

99.999

Sigma-Aldrich

LiCF3SO3

99.995

Sigma-Aldrich

5% in water

Sigma-Aldrich

hexahydrate
Lithium
trifluoromethanesulfonate
Nafion®
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Nitric acid

HNO3

70

Sigma-Aldrich

Ni(NO3)2·6H2O

98.5

Sigma-Aldrich

Nickel (II) nitrate
hexahydrate
Poly(vinyl alcohol)
Potassium hydroxide
Tetraethylene glycol

Sigma-Aldrich
KOH
CH3O(CH2CH2O)4CH3

90

Sigma-Aldrich

>99.0

Sigma-Aldrich

99.999

Sigma-Aldrich

dimethyl ether
Zinc acetate dihydrate

Zn(O2CCH3)2·2H2O

3.2 Experimental procedures
The experimental procedures in this thesis can be divided into five parts, including materials
synthesis, physical characterization, electrocatalytic characterization, electrode preparation and
CR2032 type coin-cell (with holes) assembly, and electrochemical characterization.

Figure 3.1 Outline of procedures and techniques used in this thesis.
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3.3 Materials synthesis
In this PhD study, electrocatalysts were prepared by several methods. The details on each
method can be found in the next sections.
3.3.1 Pulsed laser deposition
Pulsed laser deposition (PLD) is a physical vapour deposition (PVD) technique where a highpower pulsed laser beam is focused inside a vacuum chamber to strike a target of the material
that is to be deposited. This material is vaporized from the target and is deposited as a thin film
on a substrate (such as a silicon wafer facing the target). This process can occur in ultra-high
vacuum or in the presence of a background gas. In this study, catalyst materials (Pt alloy
materials) were deposited on nickel foam substrate in a PLD system.

Figure 3.2 PLD450 system containing a high vacuum chamber.
3.3.2 Hydrothermal synthesis
Hydrothermal synthesis can be used to produce several oxide materials at high temperature in
an enclosed and pressurized environment. It can be defined as a method for producing single
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crystals that depends on the solubility of minerals in hot water under high pressure. The
advantages of the hydrothermal method over other types of crystal growth include the ability
to create crystalline phases that are not stable at their melting points. In addition, materials that
have a high vapour pressure near their melting points can also be grown by the hydrothermal
method. This method is also particularly suitable for the growth of large good-quality crystals
while maintaining good control over their composition.

The crystallization vessels that are used are called autoclaves. These are usually thick-walled
steel cylinders with a hermetic seal that must be able to withstand high temperatures and
pressures for prolonged periods of time. Furthermore, the autoclave material must be inert with
respect to the solvent. The closure is the most important element of the autoclave. In most cases,
steel-corroding solutions are used in hydrothermal experiments. To prevent corrosion of the
internal cavity of the autoclave, protective inserts are generally used. These may have the same
shape as the autoclave and fit into the internal cavity (contact-type insert). The hydrothermal
autoclaves used in this PhD thesis work are 4748 acid digestion bombs with 125 ml capacity
from the Parr Instrument Company, as is shown in Figure 3.3. The outer parts are made of
stainless steel with six cap screws to seal the polytetrafluoroethylene (PTFE) liner. The
temperature can reach as high as 250 ºC, and the pressure can reach as high as 1900 psi. In
typical experiments, the precursor solution was transferred to the PTFE liner, and the autoclave
was then kept in a conventional oven for the preset time and temperature.
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Figure 3.3 Acid digestion bomb 4748 from Parr Instruments (left) with a cross-sectional view
(right).

3.4 Structural and physical characterization
Physical characterization was used to identify the phases of materials, their morphology, and
the porosity of catalyst materials. The purpose of these tests was to find materials with high
surface area as well as characterizing the physical properties of materials. The equipment used
in this study belongs to the Institute for Superconducting and Electronic Materials (ISEM) and
the Intelligent Polymer Research Institute (IPRI) at the Australian Institute for Innovative
Materials (AIIM).
3.4.1 X-ray diffraction (XRD)
XRD is a technique used for determining the atomic and molecular structure of a crystal, in
which the crystalline structure causes a beam of incident X-rays to diffract into many specific
directions. The XRD technique in this PhD study was used to determine if the materials were
in the correct phase as well as the degree of crystallinity of active materials.
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In this doctoral work, X-ray diffraction measurements were carried out using a scanning mode
with a copper Kα radiation source. The diffractometers used were a GBC MMA (Figure 3.4)
and a Rigaku SA-HFM3. The systems were interfaced with Visual XRD and Traces software
for graphical processing and data manipulation. The sample powders and were dropped with
ethanol onto glass slides and left it to dry.

Figure 3.4 GBC MMA XRD system.
3.4.2 Field emission scanning electron microscopy (FESEM) and energy dispersive
spectroscopy (EDS)
The FESEM technique was used to identify the morphology of the materials in this study. The
EDS technique is useful to find out which elements are present in materials. In this PhD work,
a JEOL JSM-7500FA field-emission scanning electron microscope (FESEM) and an attached
EDS analysis facility were used.
The JEOL JSM-7500FA is a 30 kV semi in-lens cold field emission gun – scanning electron
microscope capable of 1.4 nm spatial resolution. It is well suited for the characterization of
insulating materials and nanomaterials, and of medical and biological samples. The beam
irradiation technique provides exceptional image quality at acceleration voltages as low as 0.1
kV. This reduces charging effects in uncoated insulating materials and beam damage in
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electron-sensitive materials. The transmitted electron detector can attain a resolution of 0.6 nm
at 30 kV and is suitable for imaging thin foils or nanosized materials on thin support films.
3.4.3 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is a microscopy technique in which a beam of
electrons is transmitted through an ultra-thin specimen, interacting with the specimen as it
passes through. In this PhD study, TEM was used to identify the crystal structure and the
morphology at high magnification. Defects in the crystal structure can be investigated in the
high resolution TEM mode. TEM images were collected using a JEOL 2011 200 keV
transmission electron microscope, with a JEOL energy-dispersive X-ray spectroscopy (EDS)
detector and a JEOL EDS software analysis system.

3.4.4 Atomic resolution analytical microscope (ARM)

The JEOL JEM-ARM200F is a 200 kV probe corrected scanning transmission electron
microscope (STEM) capable of atomic resolution imaging. At 200 kV, the microscope features
a resolution of < 0.08 nm, while at 80 kV, a resolution of < 0.14 nm is possible.

The microscope features a large area silicon drift detector (SDD) EDS detector that allows
elemental mapping with atomic resolution. Moreover, the microscope is equipped with a cold
field emission gun with a resolution of 0.3 eV, which, when coupled with the GIF Quantum
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imaging filter, enables not only elemental analysis at the atomic level, but also determination
of the electronic structure; i.e., oxidation state, chemical bonding, and surface plasmons.

Figure 3.5 JEOL JEM-ARM200F atomic resolution analytical microscope.

3.4.5 X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic
technique that measures the elemental composition in the parts per thousand range and can
determine the empirical formula, chemical state, and electronic state of the elements that exist
within a material. XPS spectra are obtained by irradiating a material with a beam of X-rays
while simultaneously measuring the kinetic energy and number of electrons that escape from
the top 0 to 10 nm of the material being analysed. XPS requires a high vacuum (P ~ 10 - 8
millibar) or ultra-high vacuum conditions, although a current area of development is ambientpressure XPS, in which samples are analysed at pressures of a few tens of millibars. It is a
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surface chemical analysis technique that can be used to analyse: (i) the surface chemistry of a
material in its as-received state or after some treatment; (ii) the empirical formula of pure
materials; (iii) the elements that contaminate a surface; (iv) the chemical or electronic state of
each element in the surface; (v) the uniformity of the elemental composition across the top
surface; and (vi) the uniformity of the elemental composition as a function of ion beam etching.
XPS experiments in this thesis were carried out on a VG Scientific ESCALAB 2201 XL
instrument using aluminum Kα X-ray radiation. XPS spectral analysis was conducted using
XPS Peak-fit software.

3.4.6 Brunauer-Emmett-Teller (BET) measurements
The well-known Brunauer-Emmett-Teller measurements are based on the theory of physical
adsorption of gas molecules on a solid surface and serves as an important analysis technique
for the measurement of the specific surface area of a material. The analysis is carried out at
liquid nitrogen temperature (77 K) over many relative pressures. The samples have to be kept
dry at 100 ºC overnight and degassed before analysis to provide more accurate results. In this
study, the BET measurements were conducted on a Quantachrome Nova 1000 nitrogen gas
analyser, and an Autosorb-iQ-Cx nitrogen adsorption instrument was used to determine the
specific surface area of the synthesized powders.

3.5 Electrocatalytic characterization
The electrocatalytic tests were used to compare the catalytic activity of the active materials with
other standard ORR and OER materials, such as Pt/C commercial catalyst for the ORR and IrO2
for the OER. The electrocatalytic test is a procedure to find out if a material is an excellent
catalyst.
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Rotating disk electrode (RDE)
The rotating disk electrode (RDE) is a hydrodynamic working electrode used in a threeelectrode system. The electrode rotates during experiments, inducing a flux of analyte to the
electrode. These working electrodes are used in electrochemical studies when investigating
reaction mechanisms related to redox chemistry. The electrode includes a conductive disk
embedded in an inert nonconductive polymer or resin that can be attached to an electric motor
that has very fine control of the electrode’s rotation rate. The disk, like any working electrode,
is generally made of a noble metal or glassy carbon (as shown in Fig. 3.6).

Figure 3.6 Schematic illustration of the rotating disk electrode.

This disk’s rotation is usually described in terms of angular velocity. As the disk turns, some of
the solution is dragged along by the spinning disk, and the resulting centrifugal force flings the
solution away from the centre of the electrode. The solution flows up, perpendicular to the
electrode, from the bulk to replace the boundary layer. The sum result is laminar flow of the
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solution towards and across the electrode. The rate of the solution flow can be controlled by the
electrode’s angular velocity and modelled mathematically. This flow can quickly achieve
conditions in which the steady-state current is controlled by the solution flow rather than
diffusion. By running RDE, different electrochemical phenomena can be investigated,
including multi-electron transfer, the kinetics of slow electron transfer, adsorption/desorption
steps, and electrochemical reaction mechanisms. In this work, the aqueous electrochemical tests
involving the RDE were carried out using computer-controlled potentiostats (Princeton 2273
and 616 Princeton Applied Research) with a typical three-electrode cell. Platinum foil was used
as the counter-electrode and an Ag/AgCl (saturated KCl filled) electrode as the reference
electrode. The working electrodes were prepared by applying the respective catalyst onto prepolished glassy carbon (GC) disk electrodes.

3.6 Electrode preparation and coin-cell assembly technique
Electrochemical performances were tested using CR2032 type coin cells with holes in the
cathode part. The working electrodes for Li-O2 batteries were prepared by mixing the active
materials with 10 % poly(tetrafluoroethylene) (PTFE) or 10 % poly(vinylidene difluoride)
(PVDF) in a solvent, consisting of either Nafion® (5 %) or 1-methyl-2-pyrrolidinone (NMP),
respectively. The slurry was uniformly pasted onto glass microfiber filters, which are used for
the separator, or onto stainless steel mesh in combination with Nafion® (5 %) as solvent and
polypropylene as separator. The typical loading of cathode powder on a 1x1 cm2 electrode was
1-2 mg cm-2, depending on the density of the electrochemically active samples. The electrolyte
consisted of a solution of 1 M LiPF6 in tetraethylene glycol dimethyl ether (TEGDME), or 1 M
LiCF3SO3 in TEGDME. Pure lithium-foil was used as the counter electrode. The cells were
assembled in an argon-filled glove box (Mbraun, Unilab, Germany). In a typical assembly, 2-3
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drops of electrolyte is enough to soak the electrode and separator. The negative cap was stacked
on after the spring and the assembly were crimped to ensure air-tight sealing. Every
measurement was repeated at least three times to ensure reliability.

3.7 Electrochemical characterization
3.7.1 Cyclic voltammetry (CV)
Cyclic voltammetry (CV) is an electrochemical technique to measure the current that is
developed in an electrochemical cell under conditions where the voltage is in excess of that
predicted by the Nernst equation. CV is performed by cycling the potential of a working
electrode and measuring the resulting current. In a cyclic voltammetry experiment, the working
electrode potential is ramped linearly versus time. After the set potential is reached in a CV
experiment, the working electrode’s potential is ramped in the opposite direction to return to
the initial potential. If a redox reaction is present in the electrochemical reaction, a distinct peak
can be observed in both the forward and the reverse scans. In this work, the CV data were
collected on Princeton 2273 and 636 instruments, Princeton Applied Research, or on an Arbin
BT2000.
3.7.2 Galvanostatic charge and discharge
The capacity and cycling performance of the Li-O2 batteries were investigated by galvanostatic
charge-discharge testing at various current densities. The charge or discharge capacity (Q)
equals the total electron charge in each process, and it can be calculated from the recorded
current and the time: Q = I × t. All tests were carried out on a Land CT 2001. Multi-channel
battery testers were used at room temperature in oxygen atmosphere.
3.7.3 Linear sweep voltammetry (LSV)
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Linear sweep voltammetry is a voltammetric method, in which the current at a working
electrode is measured while the potential between the working electrode and a reference
electrode is swept linearly in time. Linear sweep voltammetry can identify unknown species,
while the height of the limiting current can determine the concentration. LSVs were collected
on a PARSTAT 2273 Princeton Applied Research or Arbin BT 2000 workstation.

Chapter 4 Carbon-and Binder-free 3D porous perovskite oxide air
electrode for rechargeable lithium-oxygen battery

4.1 Introduction
The lithium-oxygen battery has attracted much attention due to its ultrahigh theoretical energy
density. This system is still far from practical application, however, due to its low efficiency
and poor cycling performance, at least at present. [147-149] The key approach to addressing these
issues is to design an appropriate porous air electrode structure accommodating reaction product
formation, along with a bifunctional electrocatalyst that features high activity towards the
oxygen reduction reaction (ORR) and the oxygen evolution reaction (OER).[150-154] Generally,
the air electrode includes a porous structured electrocatalyst with electronically conductive
carbon black and binder. The common utilization of carbon-based materials and binder is
accompanied by fatal instability problems, however, with the cathode suffering nucleophilic
attack of highly-sensitive intermediate radicals and decomposition to LiF, LiOH, and Li2CO3.
[155]

These additional products are mostly irreversible and unexpected, and they have a
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detrimental influence on the electrochemical performance, resulting in especially low roundtrip efficiency and poor cycling performance. Additionally, both carbon and non-aqueous
electrolytes for Li–O2 batteries are hydrophobic. Due to the low surface tension between the
carbon material and the electrolyte, the electrolyte tends to wet all the catalyst surfaces, which
restricts oxygen diffusion in the air electrodes.[156] In order to avoid the above problems, much
more attention is being devoted to developing an appropriate air electrode, such as by using
stable metal-based substrates, such as nickel foam or titanium mesh, as catalyst substrates.
These metal substrates can offer stable, conductive, three-dimensional (3D) microporous
structures which facilitate electrolyte flow and air diffusion. [157-159]
From the catalyst perspective, noble-metal-free ABO3 perovskite oxides, in which A is
traditionally from Group I-III and B is a transition-metal ion with six-fold octahedral
coordination, are being spotlighted as cost-effective and efficient electrocatalyst candidates for
the role of bifunctional catalyst, with electronic structures that are made sensitive to strain by
doping with different elements. [160-162] The ORR and OER catalytic activities can be influenced
dramatically by controlling the degree of eg orbital splitting and polarization in the octahedral
structure through the strain induced by element substitution to yield changes in the orbital
occupancy or polarization.[163-165] Meanwhile, oxygen vacancy, intrinsic to perovskite oxide,
plays a pivotal role in catalytic activity enhancement by tuning the valence states of the B-site
transition metal cations.

[163]

One perovskite oxide, LaNiO3, is inherently sensitive to oxygen

stoichiometry, and several groups have investigated the oxygen content dependence of its
conductivity and optimized the catalytic activity by producing lattice strain and oxygen
vacancy.

[166-170]

Two works about the role of oxygen vacancy in CoO were also reported

recently. [171-172] In this work, the abundant lattice strains and oxygen vacancy were induced in
this perovskite oxide by B-site element substitution, using elements with different ionic radius
sizes and valence states, such as Cu2+(73 pm) and Co3+(60 pm). The perovskite oxide LaNiO3
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was reported as cathode catalyst for Li-O2 battery. [38] The doping of Cu and Co at Ni-site are
expected to create several defects. It was reported that the defects in graphene could enhance
the Li2O2 formation process which improve the discharge process of Li-O2 battery.

[48]

As a

result, LaNi0.9M0.1O3 (M = Cu, Co) perovskite oxides were grown on microporous nickel foam
in the form of nanosheets and employed as novel complete air electrodes for the Li-O2 battery.
The design of this 3D porous air-electrode structure can provide a continuous conductive
network and improve the adsorption of and immersion in electrolyte of the deposited porous
nanosheets of perovskite oxide in order to facilitate the oxygen catalytic reaction kinetics for
high-energy conversion.

4.2. Experimental

Preparation of LaNi0.9M0.1O3 (M = Cu, Co) on Ni foam

LaNi0.9M0.1O3 on Ni foam was synthesized by hydrothermal process.

LaNiO3 on Ni foam: The amount of 1 mmol La(NO3)3.6H2O, 1 mmol Ni(NO3)2.6H2O and 14
mmol KOH were dissolved in 45 mL of water. Ni foam was cut to circular shape with 1.9 cm
diameter. Then, it was immersed in 6M HCl solution to remove any oxide surface layers.
Afterwards, the Ni foam and the aqueous solution were transferred to a Teflon-lined stainlesssteel autoclave, which was sealed and maintained at 160oC for 8 h. Finally, the product was
taken out, washed, vacuum dried and then thermally treated at 400oC in nitrogen for 2 h. The
mass loading of LaNiO3 on Ni foam was calculated from the difference in weight between the
pristine Ni foam and the LaNiO3 coated foam.

LaNi0.9Cu0.1O3 on Ni foam: The amount of 1 mmol La(NO3)3.6H2O, 0.9 mmol
Ni(NO3)2.6H2O, 0.1 mmol of Cu(NO3)2.3H2O and 14 mmol KOH were dissolved in 45 mL of
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water. The same process to clean Ni foam in HCl was applied. Ni foam and aqueous solution
were kept in autoclave for 8h at 160oC, followed by a annealing in N2 atmosphere at 400oC for
2h.

LaNi0.9Co0.1O3 on Ni foam: The amount of 1 mmol La(NO3)3.6H2O, 0.9 mmol
Ni(NO3)2.6H2O, 0.1 mmol of Co(NO3)2.6H2O and 14 mmol KOH were dissolved in 45 mL of
water. The same process to clean Ni foam in HCl was applied. Ni foam and aqueous solution
were kept in autoclave for 8h at 160oC, followed by a annealing in N2 atmosphere at 400oC for
2h.

LaNi0.9Cu0.1O3 powder: The amount of 1 mmol La(NO3)3.6H2O, 0.9 mmol Ni(NO3)2.6H2O,
0.1 mmol of Cu(NO3)2.3H2O and 14 mmol KOH were dissolved in 45 mL of water. The
solution was transferred to Teflon-lined stainless-steel autoclave, which was sealed and
maintained at 160oC for 8 h. The powder was collected by centrifuged, then annealed in N2 at
400oC for 2h.

LaNi0.9Co0.1O3 powder: The amount of 1 mmol La(NO3)3.6H2O, 0.9 mmol Ni(NO3)2.6H2O,
0.1 mmol of Co(NO3)2.6H2O and 14 mmol KOH were dissolved in 45 mL of water. The
solution was transferred to Teflon-lined stainless-steel autoclave, which was sealed and
maintained at 160oC for 8 h. The powder was collected by centrifuged, then annealed in N2 at
400oC for 2h.

4.3 Results and discussion
4.3.1 Structure and morphology
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All the LaNi0.9M0.1O3 (M = Cu, Co) samples on nickel foam were synthesized via the

hydrothermal method (please see Experimental section for more details). Field emission

scanning electron microscopy (FESEM) was used to analyse the structure of the air electrode

and the morphology of three different kinds of catalysts, LaNiO3, LaNi0.9Cu0.1O3, and

LaNi0.9Co0.1O3, which were grown on nickel foam, as shown in Figure 4.1. All the catalysts

were grown uniformly on the surface of the 3D microporous nickel foam electrode and showed

a nanosheet array structure. Among these three different catalysts, the thickness of the

LaNi0.9Cu0.1O3 nanosheets, in the range of 10 nm, is much less than for pure LaNiO3 and

LaNi0.9Co0.1O3. The surface area of this perovskite structure was estimated by BET method at
30 m2 g-1. It was nearly 8 times as high as the reported value of the bulk LaNiO3.[173] This whole

3D structured porous electrode with a large amount of nanosheet catalyst can also provide a

large surface area and abundant highly efficient catalytic active sites for reaction product

accommodation.

Meanwhile, as a complete air electrode without any unstable carbon

conductive additive or binder, this air electrode can also overcome the impedance increase that

is due to the formation of interfacial Li2CO3 via the reaction of lithium peroxide with carbon

or binder decomposition.
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Figure 4.1 FESEM images at different magnifications of (a-a2) LaNiO3, (b-b2)
LaNi0.9Cu0.1O3, (c-c2) LaNi0.9Co0.1O3.

For structural characterization, the powder X-ray diffraction (XRD) patterns of the
perovskites with partial substitution of Ni3+ by Co3+ and Cu2+ is presented in Figure 4.2.
They show that all the samples can be indexed to the standard perovskite LaNiO3 phase
with hexagonal structure. There are obvious differences, however, in the peak intensity
ratio between the (012) and (110) peaks, I(012)/I(110). LaNi0.9Cu0.1O3 shows the highest
I(012)/I(110) value, 0.92, while LaNi0.9Co0.1O3 shows a lower ratio value, 0.54, slightly higher
than that of pure LaNiO3. According to some reported results,[174-176] compared to LaNiO3
and LaNi0.9Co0.1O3, there will be a small loss of oxygen in LaNi0.9Cu0.1O3. Secondly, when
Cu2+ was introduced into Ni3+ sites, an obvious left shift of the (110) and (012) peaks
appeared in LaNi0.9Cu0.1O3. The conclusion can be reached that the change in the
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perovskite from the substitution for Ni3+ by Cu2+ with a different valence state results in
an increase in the crystalline plate distance and oxygen vacancy.

Figure 4.2 XRD patterns of the synthesized LaNiO3, LaNi0.9Cu0.1O3, and
LaNi0.9Co0.1O3 catalysts.

The as-prepared samples of the different nanosheets were characterized by scanning
transmission electron microscopy (STEM), selected area electron diffraction (SAED) and
energy dispersive spectroscopy (EDS), as shown in Figure 4.3. The high-angle annular dark
field (HAADF) images in Figure 4.3d were employed to investigate multiple edge dislocations
or strain LaNi0.9Cu0.1O3 crystals. There are obvious crystal strains and dislocation defects in
LaNi0.9Cu0.1O3 crystal, as indicated in Figure 4.3d. These lattice strains and defects may result
both from the substitution of different sized transition metal ions and from oxygen vacancy
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caused by the substitution of elements with a different valence state, both of which can
dramatically enhance catalytic activities. Furthermore, after the substitution of different
transition metals, as shown in Figure 4.3e, a single component and phase structure distribution
still exists, which is consistent with the XRD results. The EDS spectrum of LaNi0.9Cu0.1O3 plate
(Figure 4.3e) also indicates that the molar ratio of Cu to Ni is 0.105, which is close to the 10%
Cu doping which is consistent with the feeding ratio.

Figure 4.3 (a) TEM image of a single LaNi0.9Cu0.1O3 nanosheet, (b) the corresponding SAED
pattern, (c) TEM EDS mapping of La, Ni, Cu, and O elements on the chosen plate, (d) STEM
image of LaNi0.9Cu0.1O3 crystal with crystal strain due to edge dislocations, (e) component and
phase distribution in LaNi0.9Cu0.1O3.

4.3.2 Electrochemical characterization
The superior catalytic activity of LaNi0.9Cu0.1O3 can be mainly attributed to the abundant highly
efficient catalytic sites provided by lattice strains and oxygen vacancies. In this case, the lattice
strains and oxygen vacancies can act as nucleated sites for Li2O2 growth during discharge
process. The similar defects in graphene were also reported to enhance the Li2O2 formation
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process.[48] Cyclic voltammograms (CVs) were collected in an O2 saturated organic system [1
M LiCF3SO3 in tetraethylene glycol dimethyl ether (TEGDME)], and testing for lithiumoxygen battery application was carried out, as shown in Fig. 4.4. In Fig. 4.4a, during the
cathodic period for the ORR, the onset potential was recorded at 2.7 V for all specimens. In the
anodic regime, a characteristic earlier decomposition peak was observed at 3.5 V for both
LaNi0.9Cu0.1O3 and LaNi0.9Co0.1O3, suggesting superior catalytic activity in the organic system
after the different types of transition metal doping. Looking at the overall CV profiles,
LaNi0.9Cu0.1O3 shows the highest current density in both the cathodic and the anodic regions
among all samples. The capacity-limited method was employed to evaluate the electrochemical
performance in lithium-oxygen batteries. Compared to the other samples, LaNi0.9Cu0.1O3
shows the lowest overpotential, 1.5 V at 0.1 mA cm-2 current density with a fixed specific
capacity of 1000 mAh g-1. After 100 cycles [Figure 4.4c], the overpotential gradually increased
to 2 V. In Figure 4.4d, the discharge and charge capacities remained stable, and in addition, the
discharge terminal voltage was higher than 2.36 V after 100 cycles. Generally speaking, the
perovskite oxide LaNi0.9Cu0.1O3 can be used as an electrocatalyst in the Li-O2 battery and
demonstrates good electrochemical performance, which can be attributed to the high catalytic
activity of the LaNi0.9Cu0.1O3 and the porous air electrode structure, with the porous channels
facilitating rapid O2 diffusion and providing a high density of reactive sites.
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Figure 4.4 (a) Cyclic voltammograms (CVs) and (b) voltage profiles of the first
discharge/charge cycle for LaNiO3, LaNi0.9Cu0.1O3, and LaNi0.9Co0.1O3 catalysts grown on
nickel foam; (c) voltage profiles of LaNi0.9Cu0.1O3 sample for selected cycles at 0.1 mA cm2,
with the capacity limited to 1000 mAh g-1; (d) discharge terminal voltage and specific capacity
vs. the cycle number for LaNi0.9Cu0.1O3 catalyst grown on nickel foam.
To investigate the discharge product formation on LaNi0.9Cu0.1O3 catalyst, XRD measurements
were carried out on the electrode at different discharge-charge stages. The XRD patterns of
LaNi0.9Cu0.1O3 after the first discharge and first cycle are shown in Figure 4.5a. Compared
with the XRD pattern of the fresh electrode, the (101) peak of Li2O2 at 35.5o can be observed
in the discharge pattern. The second strong peak (100) of Li2O2 is not visible because of the
overlapping with the strong peak of LaNi0.9Cu0.1O3 at 32.8o. After the first charge, the (101)
peak also disappears in the 1st cycle XRD pattern, which indicates that the Li2O2 was
completely reduced in the cathode. The schematic diagrams of Li2O2 formation on the catalyst
clearly illustrate the reaction process during the whole progress of discharge and charge [Figure
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4.5e]. We propose that Li2O2 is slowly deposited on the catalyst plate. At the end of the
discharge process, the whole catalyst is covered with Li2O2. From the scanning electron
microscope (SEM) image of the discharge cathode in Figure 4.5c, we can see that Li2O2 has
covered all the gaps between the LaNi0.9Cu0.1O3 nanosheets. During the charging process,
Li2O2 is decomposed and then oxidized to O2. It can be seen from Figure 4.5d that all the Li2O2
has been removed, and the plates and the gaps are visible again. The recovery of these
LaNi0.9Cu0.1O3 structures also indicates that the Li2O2 formation is reversible and that the
porous catalyst can be used as an efficient catalyst in the Li-O2 battery.

Figure 4.5 (a) XRD patterns of LaNi0.9Cu0.1O3 electrode at different states of discharge and
charge; (b) FESEM image of fresh cathode electrode; FESEM images of cathode after: (c) full
discharge and (d) the 1st charge; (e) schematic illustration of the discharging and charging
processes.
The utilization of redox mediators has been well proposed by P. Bruce and other groups to
reduce charge-discharge overpotential.[178-181] As indicated in Figure 4.6a, the addition of
the redox mediator tetrathiafulvalene (TTF) can further reduce the overpotential from 1.5
V to 0.72 V. The charge plateau of the cell at the first cycle is also lower than 3.6 V, with
a high 80% round-trip efficiency, which is essential for electrochemical energy storage
devices. The discharge and charge overpotentials stay at the low values of 0.19 V and 0.53
V, respectively. The charge terminal potential and overpotential in this work is compared
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with previously published works in Figure 4.6b. Although different current densities were
used, we can roughly conclude that the combination of the TTF mediator and
LaNi0.9Cu0.1O3 exhibits both low overpotential and low charge potential. The low
overpotential and charge voltage can be attributed to the combination of the microporous
structured air electrode and the highly efficient LaNi0.9Cu0.1O3 nanosheet catalyst together
with TTF additive.

4.4 Summary

Figure 4.6 (a) Cycling profiles for selected cycles of LaNi0.9Cu0.1O3 sample at 0.1 mA cm-2
with TTF added as redox mediator (inset: terminal charge and discharge voltages over the first
20 cycles); (b) Charge terminal potential vs. overpotential from this work and previously
published works on cathode electrocatalysts.[52]

4.4 Summary

In conclusion, nanosheets of the transition-metal-doped perovskite oxides LaNi0.9M0.1O3 (M =
Cu, Co) grown on 3D microporous nickel foam can serve as a complete carbon- and binderfree air electrode for Li-O2 batteries. Perovskite oxide with substitution on Ni3+ sites by Cu2+
ions with a different size and valence state demonstrates dramatically enhanced catalytic
activity, both in aqueous and non-aqueous systems, because of the abundant lattice strains and
oxygen vacancies. Together with the designed microporous structure and redox mediator
utilization, this LaNi0.9Cu0.1O3 air electrode is a promising catalyst for high efficiency lithium72

oxygen batteries, with lower cost and higher electrochemical performance compared with some
precious metal catalysts.

Chapter 5 Three-Dimensional Array of TiN@Pt3Cu Nanowires
as an Efficient Electrode for the Lithium–Oxygen Battery
5.1 Introduction

Pt-based bimetallic nanocrystals have drawn extensive attention owing to their excellent
catalytic activity in both aqueous and nonaqueous systems. It has also been evident that the
optimization of different types of lattice facets expressed on the surface and the introduction of
surface lattice strain resulting from deposited transition metals can dramatically modify the
binding properties of adsorbates and thus enhance their catalytic activity. [182-183] For example,
it has been found that the {111} surface can be made catalytically more active than other lowindex surfaces by introducing compressive strain into the Pt lattice to weaken the binding of
adsorbed O and OH.

[184]

Therefore, due to abundant {111} active facets and multiple twin

boundaries, an active-surface-dominated type of nanocrystal, icosahedral nanocrystal, was
synthesized and applied in many different related fields.

[185]

For a regular icosahedral

nanocrystal, one important characteristic is that the surface is made up of 20 tetrahedral
subunits with 30 twin boundaries, resulting in a surface bounded by 20 {111} facets. This
structural feature may result in inherently superior properties toward oxygen catalytic
behavior, which will be even more promising for obtaining excellent catalytic activity in
the lithium–oxygen battery. Nevertheless, such tiny active nanocrystals generally tend to
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aggregate and/or be detached from conventional carbon supports, leading to major
deterioration in performance over time during device operation. [186] In addition, the commonly
used carbon-based supports or catalysts, such as graphene or carbon nanotubes, are not stable
in the oxygen-rich electrochemical environment in the lithium–oxygen battery system, being
vulnerable to nucleophilic attack from highly active intermediate radicals and then being
decomposed to LiF, LiOH, and Li2CO3.
Therefore, in this work, for the porous air electrode, icosahedral Pt3Cu nanocrystals, deposited
uniformly on a flower-like array consisting of one-dimensional (1D) high-orientation
crystalline titanium nitride (TiN), have been employed as a novel, carbon-free threedimensional (3D) porous air electrode in lithium–oxygen batteries. Owing to its 20 highcatalytic-activity tetrahedral subunits with 30 twin boundaries, together with a combination of
ligand, geometric, and/or ensemble effects, the icosahedral Pt3Cu bimetallic nanocrystal
catalyst can significantly enhance the kinetics of the ORR and OER in the lithium–
oxygen battery system. Meanwhile, stable TiN holds great promise as an electronic material
due to its high corrosion resistance and superior electrical conductivity (4–555 K S cm–1). [187189]

Thus,

this

flower-like array of TiN can

also

form

a

continuous

conductive electrode framework and improve the adsorption of and immersion in electrolyte
in order to facilitate the electrode reaction kinetics for high-energy conversion.

5.2 Experimental
Experiment Method
Synthesis of 3D Array TiN@Pt3Cu Air Electrodes
The TiN nanowire array was synthesized by a two-step process. First, TiO2 NWs were grown
on carbon cloth by a seed-assisted hydrothermal method reported elsewhere. [190] The obtained
TiO2 grown on the carbon cloth was annealed at 350 °C for 3 h in air atmosphere to remove the
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carbon fiber template and then annealed at 900 °C for 1 h in NH3 atmosphere to convert the
TiO2nanowires into TiN nanowires. Platinum(II) acetylacetonate (Pt(acac)2) and copper(II)
acetylacetonate (Cu(acac)2) in a molar ratio of 3:1 was dissolved in N,N-dimethylformamide
solution, and the obtained TiN array powder was then dispersed into the above solution by a 1
h ultrasonication treatment. The feeding weight ratio of Pt3Cu was 10% in the composite. The
65 mL homogeneous solution was transferred into a Teflon-lined stainless steel autoclave (120
mL, Parr) for the hydrothermal reaction at 200 °C for 24 h. The obtained composites were
further washed with water and acetone several times and then dried to obtain the final product.
Characterization
The structure and phase purity were analyzed by X-ray powder diffraction (GBC MMA) on an
instrument equipped with Cu Kα radiation that was operated over a 2θ range of 20–80° in
continuous scan mode with a scan rate of 1° min–1. The morphology of the samples was
examined using field-emission scanning electron microscopy (JEOL JSM-7500). Transmission
electron microscopy investigations were performed using a 200 kV JEOL 2011 instrument.
Scanning transmission electron microscopy was performed using a 200 kV JEOL 2011
instrument.
Catalytic and Electrochemical Performance
The electrochemical performance was tested using CR2032-type coin cells with holes in the
cathode part. To prepare the TiN@Pt3Cu working electrodes, a mixture of the as-synthesized
catalyst and poly(tetrafluoroethylene) (PTFE) solution in a weight ratio of 90:10, respectively,
was pasted onto the stainless steel mesh in the cathode part (with the mesh edge welded onto
the cathode shell). The same procedure and ratio were used to prepare the Pt3Cu air electrode,
using the same amount of TiN as a conductive material and using PTFE as a binder. Typical
loading of cathode powder for the 1x1 cm2 area was ∼2 mg cm–2. The electrolyte consisted of
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a solution of 1 M LiClO4 in dimethylsulfoxide, and 0.1 mM tetrathiafulvalene was added to
the electrolyte as the redox mediator. The solvents were refluxed with calcium hydride and
distilled under an argon atmosphere, before being stored over 4 Å molecular sieves under
argon. The LiClO4 was dried at 180 °C in vacuum for 12 h. Pure lithium foil was used as the
counter electrode. The cells were assembled in an argon-filled glovebox (Mbraun, Unilab,
Germany). Galvanostatic deep, full charge–discharge curves were collected at various current
densities of 0.2, 0.4, 0.6, and 0.8 mA cm–2 between 3.8 and 2.45 V vs Li/Li+, and discharge–
charge cycling was conducted with a 1000 mAh g–1 cutoff discharge and charge capacity. All
tests were conducted on LAND CT 2001A multichannel battery testers at room temperature
in oxygen atmosphere, using our designed facility. RDE tests were performed using a
computer-controlled potentiostat (Princeton 2273 and 616, Princeton Applied Research) in a
conventional three-electrode cell at room temperature. The glassy carbon (GC) working
electrode (5 mm in diameter) was first polished with 1.0 and 0.05 μm alumina powder, rinsed
with deionized water, and sonicated first in ethanol and then in double-distilled water. A
platinum wire and Ag/AgCl (saturated KCl filled) were used as the counter and reference
electrodes, respectively. Typically, the NiCo2O4 was redispersed in deionized water +
isopropanol + 5% Nafion® (v/v/v = 4/1/0.05) to form a homogeneous catalyst ink with a
concentration of 2 mg mL-1. Then, 30 μL of this dispersion was pipetted onto the surface of the
GC working electrode and dried under ambient conditions. For comparison, the control
samples were Super P and commercial Pt/C (10 wt.% Pt on Vulcan XC-72), and were also
obtained by the same method described above. Cyclic voltammograms (CVs) were collected
in O2 saturated 0.1 M KOH solution from - 0.9 V – 0.1 V at a scan rate of 10 mV s-1. Linear
sweep voltammograms (LSVs) to measure the ORR performance were collected in O2
saturated 0.1 M KOH solution with different rotation speeds from 100 to 2500 rpm from - 0.9
-0.1 V with a scan rate of 10 mV s-1, while OER plots were obtained in Ar atmosphere from

76

0.1 -0.9 V with a scan rate of 10 mV s-1 and a rotation speed of 1600 rpm. Koutecky-Levich
(K-L) plots show the inverse current density (j-1) as a function of the inverse of the square root
of the rotation speed (ω-1/2) at different potential values. The number of electrons involved per
O2

in
1
j

the

1

1

𝑘

𝑗𝑑

=𝑗 +

ORR
1

was

determined

by

1

= 𝐵𝜔1/2 + 𝑗

the

Koutecky-Levichequation:
(1)

𝑘

where j, jk jd are the measured, the kinetically controlled and the diffusion controlled current
densities, respectively, and ω is the electrode rotation rate. B is determined from the slope of
the K-L plot based on the Levich equation:
B = 0.2nF(DO2)2/3 v-1/6 CO2

(2)

where n represents the number of electrons gained per O2, F is the Faraday constant (F = 96485
C mol-1), Do2 is the diffusion coefficient of O2 in 0.1 M KOH (1.9 × 10-5 cm2 s-1), v is the
kinetic viscosity (0.01 cm2 s-1), and CO2 is the bulk concentration of O2 (1.2 × 10-6 mol cm-3).
CVs were also obtained using the same procedure.

5.3 Results and discussion
5.3.1 Structure and morphology

The

general

synthesis

process

for

the

3D

flower-like array-structured

porous

air electrodecontaining the TiN@Pt3Cu composite (denoted as FLA-TiN@Pt3Cu) is
illustrated in Figure 5.1a. Typically, the TiO2 nanowire array was synthesized by the seedassisted hydrothermal method. As shown in Figure 5.1a, the carbon fiber template is totally
removed, and the TiO2 nanowires exhibit a 3D porous flower-like array structure. Then,
the TiN nanowire array was obtained by annealing the as-prepared TiO2 nanowire array in an
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ammonia atmosphere at 900 °C, with the nanowire diameters still kept in the range of 100 nm.
In the following stage, icosahedral stoichiometric Pt3Cu bimetallic nanocrystal catalysts were
deposited

on

the nanowires uniformly via the

solvothermal

method.

As

shown

in Figure 5.1b, TiN exhibits a standard cubic diffraction pattern, whereas the Pt3Cu reflection
peaks, from the (111), (200), and (220) planes, are shifted right compared with the standard Pt
pattern. The FLA-TiN@Pt3Cu air electrode can be indexed as mixed phase, with TiN and
Pt3Cu phases. Pt3Cu bimetallic nanocrystals were deposited uniformly on the surfaces
of nanowires, as shown in Figure 5.1c, with a majority of 2.5 nm particles in the size
distribution. According to some reported results,

[191-192]

there is a definite link between the

catalyst particle size distribution and catalytic activity. Much evidence has also confirmed that
this appropriate particle size distribution, especially with a peak at 2–5 nm, is beneficial for
achieving high catalytic activity. In the FLA-TiN@Pt3Cu air electrode, the Pt3Cu nanocrystals
with proper particle size and a narrow size distribution were deposited uniformly on the
1D TiN nanowires. Meanwhile, the electron diffraction pattern of an individual nanowire, as
shown in Figure 5.1d, reveals that the TiN nanowires show a strong high-orientation
crystalline texture along the [001] growth direction, which can provide superior electrical
conductivity for the FLA-TiN@Pt3Cu air electrode because of the nearly single-crystalline
structure.

78

Figure 5.1 (a) Schematic illustration of the formation of the FLA-TiN@Pt3Cu air electrode.
(b) X-ray diffraction results for TiN, Pt3Cu, and TiN@Pt3Cu. (c) Transmission electron
microscope (TEM) image of an individual TiN@Pt3Cu electrocatalyst nanowire (with Pt3Cu
particle size distribution as inset image). (d) Electron diffraction pattern of an area of (c). (e–
g) HAADF-STEM images, corresponding FFT images, and geometrical models of Pt3Cu
icosahedral nanocrystals. (h–k) HAADF-STEM energy-dispersive X-ray spectroscopy element
mapping of an individual Pt3Cu icosahedral nanocrystal.
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Figure 5.2 (a) High-angle annular dark-field scanning TEM (HAADF-STEM) image of
TiN@Pt3Cu; HAADF-STEM-energy-dispersive X-ray spectroscopy (EDS) element mapping
of (b) Ti, (c) N, (d) Pt, (e) Cu; (f) phase distribution of Pt3Cu icosahedral nanocrystals; (g)
corresponding EDS spectrum.

The scanning transmission electron microscopy (STEM) image in Figure 5.2a indicates that
the

Pt3Cu

nanocrystals

are

distributed

uniformly on

the

walls

of

the

one-

dimensional TiN nanowires, which comprise identical crystalline orientated TiNnanorods.
Meanwhile, all the elements in Figure 5.2b–e, such as Ti, N, Pt, and Cu, demonstrate the
corresponding homogeneous distributions over the given area. The combined component
distribution shown in Figure 5.2f further reveals the formation of the alloyed structure of the
Pt3Cu nanocrystals. The ratio of Pt to Cu in the composition is approximately 3:1, and the
Pt3Cu nanocrystals occupy nearly 10 wt % in the composite, as confirmed by STEM energy80

dispersive X-ray spectroscopy (EDS) (Figure 5.2g), both of which are consistent with the
feeding rate. Detailed information on the as-prepared Pt3Cu nanocrystals was provided by
high-angle annular dark-field scanning TEM (HAADF-STEM). As shown in Figure 5.1e–g,
typical images of individual Pt3Cu nanocrystals projected along the three-fold, two-fold, and
five-fold axes collectively indicate that the deposited alloyed nanocrystals are essential
icosahedra, which is highly consistent with geometric models of icosahedra consisting of 20
tetrahedral subunits with 30 twin boundaries and 20 exposed {111} triangular facets. The
corresponding fast Fourier transforms (FFT) of individual icosahedral nanocrystals also
confirm the multiply twinned icosahedral structure. The lattice fringes in Pt3Cu icosahedral
nanocrystals have measured spacings of 2.2 and 1.9 Å, which can be indexed to the (111) and
(220) planes of face-centered cubic (fcc nanocrystals), respectively. These planar spacings are
smaller than those of fcc Pt, and they also provide evidence of the formation of the alloyed
structure.[182] The distribution of elements in the alloyed structure was characterized by
HAADF-STEM energy-dispersive X-ray spectroscopy (HAADF-STEM-EDS), as shown
in Figure 5.1h–k. The elements Pt and Cu show a similar homogeneous distribution over the
entire area.

5.3.2 Electrochemical characterization

The hydrodynamic technique based on a rotating disk electrode (RDE) was used to evaluate
the oxygen reduction

reaction

activities

of

these three samples,

including

pure TiN nanowires(NWs), Pt3Cu icosahedral nanocrystals, and a TiN@Pt3Cu composite,
benchmarked against high-quality commercial Pt/C (20 wt % Pt on Vulcan XC-72) in an O2saturated 0.1 M KOH electrolyte at a scan rate of 10 mV s–1. The RDE curves at various
rotation speeds were investigated to determine each sample’s ORR kinetic performance, as
shown in Figure 5.3.
81

Voltage (V) RHE

Voltage (V) RHE

Voltage (V) RHE

Figure 5.3 (a) RDE curves of commercial Pt/C (20 wt.% Pt on Vulcan XC-72); (b) Pt3Cu, and
(c)TiN@Pt3Cu in O2-saturated 0.1 M KOH solution with various rotation speeds and a sweep
rate of 10 mV s−1.

The corresponding Koutecky–Levich (K–L) plots (J–1 vs ω–1/2) at various electrode potentials
exhibit good linearity. The linearity and parallelism of the K–L plots suggest first-order
reaction kinetics toward the concentration of dissolved oxygen and similar electron transfer
numbers for the ORR at different potentials. Both the Pt3Cu and the TiN@Pt3Cu composite
favor a nearly four-electron ORR process. Furthermore, as shown in the RDE curves and the
corresponding Tafel curves in Figure 5.4a,b, compared with commercial Pt/C, Pt3Cu
and TiN@Pt3Cu composites exhibit excellent ORR activities, with a positive onset potential
and large limiting current density.
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Figure 5.4 (a) RDE curves of high-quality commercial Pt/C (20 wt % Pt on Vulcan XC-72)
and TiN NWs, Pt3Cu, and TiN@ Pt3Cu. (b) Tafel slopes of high-quality commercial Pt/C (20
wt % Pt on Vulcan XC-72) and TiN NWs, Pt3Cu, and TiN@ Pt3Cu. (c) Activity enhancement
relative to commercial Pt/C based on Pt total mass, from the data shown in (a). (d) Cyclic
voltammograms of TiN NWs, Pt3Cu, and TiN@ Pt3Cu. RHE: reversible hydrogen electrode.
The kinetic current densities at 0.85, 0.9, and 0.95 V were calculated based on the total Pt
mass, as shown in Figure 5.4c. The TiN@Pt3Cu composite shows mass activities of 0.72 A
mg–1Pt, 0.59 A mg–1Pt, and 0.31 A mg–1Pt, respectively, a 3.8, 5, and 6.3 times enhancement
compared with the commercial Pt/C. This excellent catalytic performance can be attributed to
the high dispersion of icosahedral Pt3Cu nanocrystal with multiple-twinned boundaries and
abundant high-activity exposed {111} triangular facets. Cyclic voltammograms (CVs) in O2saturated 0.1 M KOH electrolyte were also used to reveal the ORR activity of the as-prepared
samples and are presented in Figure 5.4d. Similar to pure Pt3Cu, the TiN@Pt3Cu composite
also exhibits characteristic oxidation peaks as well as higher current density. The
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electrochemical properties of the as-prepared FLA-TiN@Pt3Cu were then tested by using it as
an air electrode in a lithium–oxygen cell without any additional conductive carbon black. The
specific capacities were calculated based on the total composite mass in the cathodes. The full
discharge and charge performance at current density of 0.2 mA cm–2 is shown in Figure 5.5a.

Figure 5.5 (a) Comparison of pure Pt3Cu catalyst and TiN@Pt3Cu composite on first-cycle
full discharge/charge results at 0.2 mA cm–2 current density. (b) Discharge/charge curves of
the TiN@Pt3Cu composite at different current densities. (c) Capacity and (d) energy conversion
efficiency comparison between pure Pt3Cu catalyst and TiN@Pt3Cu composite. (e) Discharge
and charge curves of the TiN@Pt3Cu composite for selected cycles. (f) Comparison of cycling
performance of pure Pt3Cu catalyst and TiN@Pt3Cu composite with specific capacity limited
to 1000 mAh g–1 at 0.2 mA cm–2 current density.

The pure Pt3Cu icosahedral nanocrystals exhibit a low overpotential with discharge and charge
capacities of 3065 and 2751 mAh g–1, respectively. Furthermore, compared with the Pt3Cu
icosahedral nanocrystals, FLA-TiN@Pt3Cu shows much lower overpotential and higher
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round-trip efficiency, up to 84%, which is vital for electrochemical energy storage devices,
together with a discharge capacity of 4600 mAh g–1 and a charge capacity of 4310 mAh g–1.
These results can also be further confirmed by the CV and RDE curves in O2-saturated
nonaqueous electrolyte, as shown in Figure 5.6.

Figure 5.6 a) RDE curves from open voltage to 2.0 V in O2 saturated non-aqueous electrolyte
at thespeed of 900 rpm; (b) Cyclic voltammograms (CV) in O2 saturated non-aqueous
electrolyte at 0.2 mVs-1 scan rate.

Compared with pure Pt3Cu, the FLA-TiN@Pt3Cu air electrode displays obviously higher
ORR and OER currents and earlier OER potentials, which indicate that the FLA-TiN@Pt3Cu
air electrode provides a bifunctional catalyst performance in the anodic and cathodic scan
processes. The comparison of capacity and energy conversion efficiency between pure Pt3Cu
icosahedral nanocrystals and the FLA-TiN@Pt3Cu air electrode at different current densities
is summarized in Figure 5.5b–d and Figure 5.7a.
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Figure 5.7 (a) Full discharge and charge profiles of pure Pt3Cu at different current densities:
0.2 mA cm-2, 0.4 mA cm-2, 0.6 mA cm-2, and 0.8 mA cm-2. (b) Comparison of first cycle
discharge/charge results at 0.2 mA cm-2 current density with 1000 mAh g-1 specific limited
capacity for pure Cu catalyst and TiN@Pt3Cu composite.

Excellent electrochemical performance is demonstrated by the FLA-TiN@Pt3Cu air electrode.
The

FLA-TiN@Pt3Cu

exhibits

excellent

rate

performance,

with

the

energy efficiency reaching about 70% when the current density was increased from 0.2 to 0.8
mA cm–2. When the current density was increased to 0.4, 0.6, and 0.8 mA cm–2, as shown
in Figure 5.5b, the FLA-TiN@Pt3Cu still exhibited a high discharge capacity and low
overpotential. In contrast, the energy conversion efficiency retention rate of the pure Pt3Cu
icosahedral air electrode was only 53% when the current density was increased from 0.2 to 0.8
mA cm–2. This excellent electrochemical and rate performance is primarily attributable to the
particular design of the FLA-TiN@Pt3Cu porous air electrode structure and its high catalytic
activity. This 3D array structure consists of long 1D TiN nanowires with high electrical
conductivity, while the Pt3Cu icosahedra can provide abundant reactive sites and enough space
for rapid O2 and electrolyte diffusion to avoid coverage of the active sites and blockage of
diffusion pathways. The capacity-limited mode was used to evaluate the comprehensive
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electrochemical performance. In Figure 5.7b, the overpotential of the FLA-TiN@Pt3Cu
air electrode is 0.71 V at a current density of 0.2 mA cm–2 with a fixed specific capacity of
1000 mAh g–1, slightly smaller than that of the pure Pt3Cu catalyst. Figure 5.5e,f and Figure
5.8 evaluate the cycling performances of a pure TiN array and Pt3Cu and TiN@Pt3Cu
composites at a 0.2 mA cm–2 current density with a fixed specific capacity of 1000 mAh g–1.

Figure 5.8 (a) discharge and charge curves of pure TiN array for selected cycles; (b) cycling
performance of pure TiN array with specific capacity limited to 1000 mAh g-1 at 0.2 mA cm-2
current density.

Although the pure TiN array can also be used as an air electrode in a Li-O2 battery, it exhibits
unsatisfactory electrochemical performance. Compared with pure Pt3Cu icosahedral
nanocrystals, the discharge terminal voltage of the TiN@Pt3Cu composite is greater than 2.7
V, whereas its charge terminal potential is less than 3.72 V for 50 cycles. Meanwhile, the
energy efficiency of the FLA-TiN@Pt3Cu air electrode at 50 cycles is still as high as 73%, as
shown in Figure 5.9.
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Figure 5.9 Energy conversion efficiency changes with cycling for TiN@Pt3Cu composite.
The cycling performance without the redox mediator (tetrathiafulvalene) was also confirmed,
as shown in Figure 5.10.

Figure 5.10 (a) Discharge/charge curves of FLA-TiN@Pt3Cu for selected cycles and (b)
cycling performance of the FLA-TiN@Pt3Cu with specific capacity limited to 1000 mAh g-1
at 0.2 mA cm-2 current density without redox mediator (TTF).
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The FLA-TiN@Pt3Cu air electrode still exhibits a good cycling performance. The discharge
and charge capacities retain stable values, and in addition, the discharge terminal voltage is
greater than 2.5 V, and the charge terminal potential is less than 4.2 V for 100 cycles. The
superior cycling performance of the FLA-TiN@Pt3Cu air electrode is largely attributable to
the porous air electrode structure, using a stable TiN nanowire as support for the icosahedral
Pt3Cu nanocrystals to avoid catalyst aggregation or detachment from the support during a long
cycling period. To further understand the reaction mechanism over the whole performance,
the morphology and the corresponding selected area electron diffraction (SAED) pattern of an
individual 1D TiN@Pt3Cu catalyst nanowire were investigated by high-resolution TEM
(HRTEM), as shown in Figure 5.11.

Figure 5.11 HRTEM images (left) and SAED patterns (right) of individual TiN@Pt3Cu
electrocatalyst nanowires: (a) after full discharge, (b) after the first cycle, and (c) after 20
cycles.
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In the sample after the first discharge, the reaction products were deposited on the surface of
the catalyst, and the TiN@Pt3Cu catalyst still maintained its stable 1D morphology. As
confirmed by the electron diffraction signal, besides the regular diffraction spots from the 1D
TiN@Pt3Cu catalyst, the five additional characteristic diffraction rings proved the formation
of crystallized Li2O2. These Li2O2 platelets, roughly parallel to each other, are stacked layerby-layer to form a nanosheet-shaped Li2O2 reaction product structure (inset image
in Figure 5.11a). This stacked type of reaction product morphology was also observed in
previous reported work.[193] In contrast to the large-sized reaction products, this stacked type
can be proven to efficiently protect catalytic reaction sites from devitalization effects,
including coverage of the active reaction sites and blockage of the gas and electrolyte
diffusion. After full charging, as shown in Figure 5.11b, the corresponding five diffraction
rings of Li2O2 disappear, indicating the high reversibility of Li2O2. [193] On the other hand, it
can be observed that the TiN@Pt3Cu catalyst maintains its stable 1D morphology, and the
homogeneously deposited Pt3Cu nanocrystals are still attached on the walls of the TiN NWs,
even after 20 cycles, as shown in Figure 5.11c. This feature provides further evidence that
TiN@Pt3Cu will not passivate the catalytic activity during long cycling periods, a problem
that mainly results from catalyst detachment.

5.4 Summary

In conclusion, this 3D array design comprising one-dimensional TiN@Pt3Cu nanowires was
employed as a complete porous air electrode in lithium–oxygen batteries, which has the
inherent advantages of energy conversion by the highly efficient catalytic activity of
icosahedral Pt3Cu and the high electronic conductivity of the 3D TiN nanowire array as the
framework for the electrode. In full discharge and charge mode, the discharge capacity reaches
as high as 4600 mAh g–1, along with 84% conversion efficiency at a current density of 0.2 mA
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cm–2. When the current density was increased to 0.8 mA mA cm–2, the discharge capacity was
still greater than 3500 mAh g–1, together with nearly 70% efficiency. In 1000 mAh g–
1

capacity-limited mode, the terminal discharge voltage is greater than 2.7 V, and the terminal

charge voltage is less than 3.73 V after 50 cycles at a current density of 0.2 mA cm –2. The
reaction mechanism was also studied. The Li2O2 reaction products stack layer-by-layer to
form a nanosheet-shaped Li2O2 reaction product structure. This formation process can
efficiently protect catalytic reaction sites from devitalization effects, including coverage of the
active reaction sites and blockage of the gas and electrolyte diffusion. Therefore, this carbonfree porous air electrode based on a 3D array of nanowires is a promising bifunctional
electrocatalyst for lithium–oxygen batteries, with high energy density and favorable
rechargeability combined with high energy conversion efficiency.

Chapter 6 Integrated Air Electrode for Zn-Air Battery
6.1 Introduction
From the catalyst point of view, Pt alloy is the promising catalyst for the ORR. [53] In catalyst
review, PtxNi alloy exhibited several enhancement in catalytic activity comparing to
polycrystalline Pt.

[194-195]

The active single crystal Pt3Ni(111) surface is reported to enhance

ORR activity in PtxNi alloy. [196] The Ni3Pt catalyst in this work was proved to be efficient in
OER process and ORR process by rotating disk electrode (RDE) technique. Our previous
works on Pt-Gd[21] and Pt-Cu[194] also prove that the Pt alloy catalyst is essential in improving
ORR activity.
The Ni3Pt was deposited on nickel foam by pulsed laser deposition (PLD). [197] This technique
is common among physical vapor depostion (PVD) techniques. The ZAB fabricated by this air
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cathode (denoted as Ni@Ni3Pt) can perform at relatively low overpotential (<0.62V) for 478
cycles (10 minutes each cycle). The low overpotential is encouraging to improve round-trip
efficiency of air batteries. The low overpotential and charge voltage (<1.7 V) can be attributed
to the excellent catalytic of Ni3Pt catalyst and the deposition method, as PLD can produce a
porous film with very strong adhesion to the substrate.

6.2 Experimental
Synthesis of Ni3Pt on Ni foam by PLD: The targets were made by sintering a pressed mixture
of platinum powder (<40 nm, Sigma) and nickel powder (−40 mesh, Sigma) according to the
element stoichiometry at 700 °C for 6 h in argon gas. The laser outputs 248 nm wavelength, 30
ns pulses at a frequency that may be chosen between 1 and 10 Hz. The energy of this pulse is
determined by choosing the pumping high voltage (HV) of the laser. The laser HV ranges from
24 to 32 kV and, depending on the state of the gas medium, will produce energies in the pulse
between 400 and 1200 mJ. The rectangular output pulse of the laser has dimensions of ≈30 mm
× 12 mm. The substrates for deposition include nickel foam to get air electrode, TEM grids
convenient for TEM operation, and glassy carbon electrode to test RDE performance.
Characterization: The corroded zinc anode was characterized by X-ray powder diffraction
(XRD; GBC MMA) with Cu Kα radiation that was operated over a 2θ range of 20°–70°. The
morphological studies were performed by field emission scanning electron microscopy (FESEM; JEOL-JSM-7500). Transmission electron microscopy (TEM) energy-dispersive X-ray
spectroscopy (EDS) were used to investigate the Ni3Pt film on nickel foam. XPS experiments
were carried out on a VG Scientific ESCALAB 2201XL instrument using aluminum Kα X‐ray
radiation. XPS spectral analysis was conducted using XPS Peak‐fit software. In this study, the
BET measurements were conducted on a Quantachrome Nova 1000 nitrogen gas analyser, and
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an Autosorb-iQ-Cx nitrogen adsorption instrument was used to determine the specific surface
area of the synthesized powders.
Electrochemical measurements: All the cells with coin cell (CR2032) type were assembled,
using the Ni@Ni3Pt as cathode, a glass fibre separator, a polished zinc foil anode, and an
aqueous electrolyte containing 6 M KOH + 0.2 M Zn(Ac)2. For CV testing, the cells were
sealed in a self-designed bottle. Then, the bottle was filled with O2. The CVs were obtained
between 0.7 V and 2.1 V at a scan rate of 0.2 mV s-1. In these tests, Ni@Ni3Pt and
Ni@(Pt/C+IrO2) acted as the working electrode. Ni@(Pt/C+IrO2) was prepared by drop casting
50 wt% Pt/C-50 wt% IrO2 on nickel foam (the loading was 1 mg cm-2). On the other hand, zinc
foil served as both counter and reference electrode. All battery tests were carried out on LAND
CT 2001A multi-channel battery testers at room temperature in oxygen atmosphere. All the
potentials throughout this paper are referred to the potential of the Zn/Zn2+ standard couple.

Catalyst performance: The aqueous electrochemical tests involving a rotating disk electrode
(RDE) were carried out using a computer-controlled potentiostat (Biological VMP3) with a
typical three-electrode cell, including a platinum wire as the counter electrode and an Ag/AgCl
(saturated KCl filled) electrode as the reference electrode. The working electrodes were glassy
carbon (GC) disk electrodes (5 mm in diameter) loaded with the respective active material inks.
The details of preparation can be found in our previous works. [53] The detailed kinetic analysis
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was
1
𝑗

conducted
1

according

to

1

= 𝑗 + 𝐵𝜔0.5

Koutecky-Levich

plots
(1)

𝑘

where j is the current density, jk is the kinetic current, and B is the Levich slope, which is given
by
B = 0.2nF(𝐷𝑂2 )2/3v-1/6CO2

(2)

Here, n is the number of electrons transferred in the reduction of one O2 molecule, F is the
Faraday constant (F = 96 485 C mol−1), 𝐷𝑂2 is the diffusion coefficient of O2 (𝐷𝑂2 = 1.9 × 10−5
cm2 s−1), ν is the kinematic viscosity for KOH (v = 0.01 cm2 s−1), and 𝐶𝑂2 is the concentration
of O2 in the solution (𝐶O2 = 1.2 × 10−6 mol cm−3). The constant 0.2 is adopted when the rotation
speed is expressed in rpm. According to Equations (1) and (2), the number of electrons
transferred (n) can be obtained from the slope of the Koutecky–Levich plot of j −1 versus ω−1/2.

Flexible ZAB assembly: A polished zinc foil (0.25 mm thickness) was used as anode. The air
electrode was Ni@Ni3Pt mentioned above. The gel polymer electrolyte was prepared as
follows: 1.0 g polyvinyl alcohol (PVA) powder (Sigma) was dissolved in 10.0 mL deionized
water at 95 oC under magnetic stirring for 2.0 h. Then 1.0 mL of 18.0 M KOH filled with 0.20
M Zn(Ac)2 was added, and the electrolyte solution was kept stirring at 95 oC for 40 min. Then
the solution was freezed, and then thawed at room temperature. The procedure was repeated
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twice to form gel electrolyte. Then the flexible ZAB was assembled with air electrode
Ni@Ni3Pt and zinc foil placed on the two sides of PVA gel.

6.3 Results and discussion
6.3.1 Structure and morphology
The scheme in Figure 6.1a illustrates the fabrication process of Ni@Ni3Pt. The element
stoichiometry 3:1 of Nickel versus Platinum is based on the powder mixture ratio of Nickel
versus Pt.

Figure 6.1 (a) PLD coating process to form Ni@Ni3Pt (b) FESEM image of Ni@Ni3Pt; (c)
HRTEM image of Ni3Pt alloy PTF; (d) HRTEM image of Ni3Pt polyhedron crystals; XPS
spectra of the electron binding energies for (e) Ni 2p and (f) Pt 4f in Ni@Ni3Pt.
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Firstly the nickel foam was cleaned thoroughly with acetone and ethanol and dried overnight
in vacum oven at 80oC. Then, the nickel foam was transfered to PLD chamber to prepare
Ni@Ni3Pt. The PLD coating was expected to form a layer of Ni3Pt on nickel foam which
created a core-shell structure of Ni3Pt around Ni core like in schematic illustration in Figure
6.1a. Field emission scanning electron microscopy (FESEM) and high resolution transmission
electron microscopy (HRTEM) were used to analyse the structure of Ni@Ni3Pt. Figure 6.1b
shows the 3D porous network of Ni@Ni3Pt. Figure 6.1c clearly shows that the film contains
many small polyhedon Ni3Pt nano crystals. The Ni3Pt (200) plane is observed in Figure 6.1d
which agree with the PtNi3 reported by Chen et al.[198] The TEM energy dispersive
spectroscopy (EDS) shows clearly the presence of Pt and Ni in Figure 6.2a-e. The elements Ni
and Pt show a similar homogeneous distribution over the entire area and the entire phase is a
single alloy phase, with elements ratio of ≈3:1. Meanwhile, the whole area indicates a single
alloy phase. The chemical binding energy of the Ni 2p signal (observed at 867.5 and 853.0
eV) and Pt 4f signal (observed at 76.6 and 73.1 eV) in Figure 6.1e and Figure 6.1f also indicate
the coexistence of both metals. The reference of Ni-Pt X-ray photoelectron spectroscopy (XPS)
is based on the Cao et al’s. [199] The surface area of this catalyst was measured by Brunauer–
Emmett–Teller (BET). From the BET isotherm in Figure 6.2f, the surface area is estimated to
be 1359.8 m2 g-1 which is a little lower than the 1663 m2 g-1 value of N and P co-doped
mesoporous nanocarbon (NPMC) foams catalyst reported by Liming Dai’s group.[200]

96

Figure 6.2 (a) TEM image at Pt3Ni film; TEM EDS mapping of (b) Pt, (c) Ni elements; (d)
alloy phase; (e) EDS spectrum of the film layer with the presence of Pt vs Ni; (f) N2 adsorptiondesorption isotherm.

6.3.2 Electrochemical characterization
The ORR and OER activities of Ni3Pt, carbon super P were measured by rotating disk electrode
(RDE) in O2 saturated 0.1 M KOH electrolyte at a scan rate of 10 mV s-1.

Figure 6.3 (a) RDE curves of Ni3Pt alloy (b) OER curves of carbon, Pt/C, IrO2, Ni3Pt alloy at
1600 rpm in 0.1 M KOH. RHE: reversible hydrogen electrode.
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The RDE curves in Figure 6.3a confirm the electrocatalystic performance of Ni3Pt.[201] The
electron transfer number per oxygen molecule (n) for ORR was determined from the RDE
curves of Ni3Pt alloy according to Koutechy-Levich (K-L) equation (details can be found in
the experimental section).

[202-204]

The high catalytic activity of Ni3Pt can be attributed to the

addition of Ni to Pt crystal structure which increase the ORR activity in PtxNi alloy. [196] Figure
6.3b shows the rapidly increased anodic current above 1.43 V of Ni3Pt associated with OER.
As the reference, the standard OER catalyst (IrO2) was used to compare peformance with Ni3Pt
alloy, and found that Ni3Pt exhibited the lower onset potential than IrO2. In an O2 saturated
aqueous system [6 M KOH + 0.2 M Zn(Ac)2], as shown in Figure 6.4, the cyclic voltamogarm
(CV) curves of Ni@Ni3Pt and Ni@(Pt/C+IrO2) were collected. Compared with
Ni@(Pt/C+IrO2), Ni@Ni3Pt shows similar ORR and OER potentials in O2-saturated
electrolyte, which indicate that Ni3Pt features bifunctional catalyst performance in the anodic
and cathodic scan process in an O2-saturated aqueous system. Generally, this Pt alloy skeletonstructured composite allows optimization of the surface electronic structure, weakening its
binding to the O-containing reaction intermediates and maximizing the ORR activity. [205]

Current (mA)

Ni@(Pt/C+IrO2)
Ni@Ni3Pt

4 mA

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

Potential vs. Zn/Zn2+ (V)

Figure 6.4 CV curves of Ni@(Pt/C+IrO2) & Ni@Ni3Pt in aqueous system (6 M KOH + 0.2 M
Zn(Ac)2).
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Finally, the air-electrode Ni@Ni3Pt was used as the air electrode for rechargeable ZAB, the
kinetics is mainly limited by the cathode reaction [206]:
𝑂𝑅𝑅

𝑂2 + 𝐻2 𝑂 + 4𝑒

−

→

← 4𝑂𝐻 −
𝑂𝐸𝑅

A ZAB with Ni@Ni3Pt as its air cathode was fabricated; the cell components are shown in
Figure 6.5a.

Figure 6.5 (a) Image of the components used for assembling of coin cell (CR2032) type; Zn
plate, glass fiber carbon cloth (CC) and Ni@Ni3Pt were served as anode, separator, GDL and
cathode, respectively. (b) Battery voltages measured at different current densities (j); (c)
Battery voltage and power density of Ni@Ni3Pt versus j; (d) Galvanostatic discharge/charge
measured at the 1st cycle; (e) Battery voltages versus number of cycle and time (each cycle
include 5 minutes of discharge and 5 minutes of charge).
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In Figure 6.6, three coin cells in series show open potential of 3.93 V, which can power a small
red light.

Figure 6.6 (a) Image of three-cell zinc-air battery, showing open circuit voltage of 3.93 V; (b)
Photo of red LED powered by the zinc-air device.
The battery voltages measured at different current density is presented in Figure 6.5b. It clearly
reveals that the Ni@Ni3Pt cathode has the lower overpotential than Ni@(Pt/C+IrO2) at any
current density from 0 to 150 mA cm-2. Battery voltage is above 1 V at the high current density
of 50 mA cm-2. The battery voltage and the power density are shown in Figure 6.5c. It can be
seen that this battery can operate with the max power density as 90 mW cm-2 at the current
density of 100 mA cm-2. This value is higher than the max power density of NCNT/CoxMn1xO

cathode (81 mW cm–2) reported in Liu et al’s. [207] The discharge/charge curve of Ni@Ni3Pt

at the first cycle is given in Figure 6.5d. Ni@Ni3Pt shows a slightly higher open circuit potential
(1.31 V) than those of the state-of-art commercial Pt/C and IrO2 catalyst (1.29 V). In addition
to the excellent charge and discharge capabilities, ZAB with Ni@Ni3Pt as its air cathode
showed good rechargeability (Figure 6.5e), evidenced by 478 discharge/charge cycles over a
duration of 79 h (6 cycles for 1h), which ran at lower overpotential than ZAB using Pt/C and
IrO2 catalyst. The performance of Ni@Ni3Pt catalyst is comparable to CuCo2O4@C reported
by Wang et al

[208]

, which also outperformed Pt/C and IrO2. As shown in Figure 6.5e, the

discharge/charge voltage was stable for almost 80 h, and the discharge/charge voltage could be
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recovered with the electrolyte and zinc replaced. It can be observed from Figure 6.7a that the
flexible cell include 4 layers of Ni@Ni3Pt, carbon cloth, PVA gel electrolyte and zinc foil. Figure
6.7b and figure 6.7c show the fresh zinc electrode and a corroded zinc electrode. It can be seen in
Figure 6.7c that zinc is corroded and there is a white compact layer of zinc hydroxide. XRD pattern
in Figure 6.8c showed the presence of zinc hydroxide in the corroded electrode.

Figure 6.7 (a) Schematic illustration of the flexible ZAB;(b) fresh zinc electrode;(c) corroded zinc
foil after 220 cycles;(d) Battery voltage and power density of the single flexible cell as a function of
current density at normal and bending condition.
Figure 6.7d shows the battery voltage and power density versus the current density. It can be seen
that the flexible cell reach the max current density of 2 mW cm-2 at the current density of 1.6 mA
cm-2. For the current density at 1 mA cm-2, the open voltage of the bending cell is 1.32 V and the
open voltage of the normal cell is 1.3 V.
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Figure 6.8 (a) flexible cell in normal state;(b) flexible cell bended to 57o(c) XRD pattern of the
cycled zinc electrode with Zn (JCPDS 04-0831); Zn(OH)2 (JCPDS 38-0385); ZnO (JCPDS 0361451).
Figure 6.8a shows the flexible cell in normal condition and Figure 6.8b shows the cell bended to
57o. The phase of ZnO and Zn(OH)2 were confirmed by XRD in Figure 6.8c. From the XRD pattern
in Figure 6.8c, we can see the diffraction peaks of 3 materials which are zinc, zinc oxide and zinc
hydroxide. It confirms that the zinc electrode corroded to zinc oxide and zinc hydroxide after battery
cycling. Because of the zinc corrosion, zinc electrode have to be replaced after 220 cycles. After the
replacement, battery lasted for another 154 cycles. The second replacement helped battery operate
for 104 cycles. After the replacement of zinc, the battery discharge and charge voltage return to its
originial value (1.20 V and 1.55 V) which indicate that the capacity is unchanged after zinc
replacement. The replacement of zinc and electrolyte is common and it was also reported by Cheng
et al. [209] From the cycling curve [Figure 6.5e], the overpotential always stays lower than 0.62
V, and the charge voltage is below 1.7 V. These overpotential and charge potential are the best
ever reported among precious materials (listed in Table 6.1). This strongly indicates a high
bifunctional activity and excellent stability of Ni@Ni3Pt catalyst, which is essential for
rechargeable ZAB.
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Table 6.1 Performance of this work secondary ZAB compared with other noble metal catalysts
and other significant electrocatalysts.

Catalyst
material

Electrolyte

6 M KOH +
Ni3Pt on Ni 0.2 M
foam
Zn(Ac)2

Ag-Cu on Ni 6 M KOH +
foam
0.2 M ZnCl2

Pd3Pb

RuO2MCNA
Ag-Cu
nanoalloys
on Ni foam
Ag decorated
LaMnO3 nan
orod/graphen
e
Atomically
coupled Pt
nanoparticles
(NPs)
and
single‐crystal
(SC)
CoO
nanorods
(NRs)

NGM-Co
CoO/NCNT+NiFe
LDH
N and P codoped porous
carbon
(NPMC)

6 M KOH +
0.2 M ZnCl2

6 M KOH
6 M KOH +
0.1 M
Zn(Ac)2

6 M KOH

3 M KOH +
0.2 M
Zn(Ac)2

6 M KOH +
0.2 M ZnCl2
6 M KOH +
0.2 M
Zn(Ac)2

6 M KOH

Charge
potential
(V)

Charge/
discharge
overpotential
(V)

1.7

0.31

2.05

0.96

2.1

0.72

2

0.8

2.2

1.12

2

0.86

Cycling
condition
(mA cm2
)/(mA g-1)

10

20

10

4

20

25

Stability
10 min/cycle for
478 cycles (up to 79
hours),
overpotential
increased to 0.62 V
20 min/cycle for
100 cycles with
neligible
voltage
change
240 min/cycle for
137
cycles,
overpotential
increased to 0.86 V
120 min/cycle for
80 cycles with
neligible
voltage
change
30 min/cycle for
252 cycles with
neligible
voltage
change
60 min/cycle for 80
cycles,
overpotential
increased to 0.95 V

Ref

This
work
[210]

[211]

[212]

[213]

[214]

5 mA cm-2
for
[215]
discharge
and 10 mA 30 cycles with
cm-2
for neligible
voltage
1.2 charge
change
20 min/cycle for
180
cycles
,
[209]
overpotential
1
2 increased to 1.12 V
10 cycles with
negligible voltage
[216]
0.7
20 change

2.2

2

2

2.25

0.95
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10 min/cycle for
2 600 cycles

[200]

NiCo2O4/Ni
F@C
CuCo2O4@
C
PC and
QAFC
membranes

6 M KOH +
0.2 M
Zn(Ac)2
6 M KOH
1 M KOH in
nanoporous
cellulose
membrane

2

1

1.9

0.79

2

0.8

30 min/cycle for
5 >5000 cycles
10 160 cycles for 80 h

250 mA g-1

60 min/cycle for
1000 mins

[217]
[208]

[218]

From Table 6.1, Ni@Ni3Pt electrode exhibits the lowest charge potential of 1.7 V. We can see
that for other precious materials such as atomically coupled Pt [215] and CoO nano-rods, the Ag
based catalysts

[210, 213-214]

, and Pd3Pb

[211]

the charge potential is between 2 V and 2.2 V.

Compared to others reported catalyst for rechargeable zinc air battery, our materials
(Ni@Ni3Pt) performs the lowest charge potential. If we look at the overpotential, other
materials show the value from 0.7 V to 1.2 V. The Ni@Ni3Pt electrode reduces the
overpotential to 0.62 V which is better than any reported works.
A flexible device using Ni@Ni3Pt as air cathode is demonstrated in Figure 6.9 with flexible
zinc foil as anode, carbon cloth as gas diffusion layer (GDL), and alkaline gel electrolyte.

Figure 6.9 (a) Schematic diagram of a flexible zinc–air battery device including Zn plate,
alkaline gel electrolyte, carbon cloth (CC) and Ni@Ni3Pt served as anode, separator, GDL and
cathode, respectively; (b) a stacked flexible cell battery.
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The alkaline poly(vinyl alcohol) (PVA) gel electrolyte is fabricated with KOH, Zn(Ac)2, and
PVA in deionized water (see details in the experiment section, delivering considerable ionic
conductivity and mechanical flexibility for ZAB). The two clips were used to hold all
component of the flexible battery as shown in Figure 6.8a. The bending condition at 57o is
exhibited in Figure 6.8b. Figure 6.7d exhibits the battery voltage as a function of current
density under the normal and bending condition. The voltage of the battery remained relatively
unchanged comparing the bending and the non-bending state. Significantly, the flexible device
has the open potential of 1.375 V. At the current density of 1 mA cm-2, the bending battery can
operate at 1.32 V and non bending at 1.3 V. The higher operating voltage of the bending state
can be attributed to the better compression of the whole battery under curving condition than
in the normal state. These results reveal that the Ni@Ni3Pt catalyst has attractive potential in
the rechargeable, flexible ZAB and wearable devices. Particularly, in addition to the
optimization of cathode catalysts, strong efforts are also required to develop stable Zn anodes,
[219]

flexible [220] and highly ionic conductive electrolytes for the practical applications.

6.4 Summary
In conclusion, Ni3Pt deposited on 3D microporous nickel foam (Ni@Ni3Pt) by PLD can serve
as an integrated air electrode for ZAB. Ni3Pt demonstrates excellent catalytic activity, owing
to highly efficient Pt-Ni alloy catalyst activity. The Ni3Pt catalyst exhibits good ORR/OER
bifunctional activities and impressive performances in rechargeable ZAB. Rechargeable ZAB
(coin-cell type) was assembled using Ni@Ni3Pt as cathode, delivering a maximum power
density at 90 mW cm−2 and a stable discharge voltage (>1.09 V) at 10 mA cm−2. The ZAB
made by Ni@Ni3Pt as air cathode was able to steadily cycle for 478 cycles (>79 hours) at a
current density of 10 mA cm-2 which is comparable to other reported for ZABs. Moreover, the
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Ni@Ni3Pt is integrated into a rechargeable flexible ZAB showing impressive performances. A
high open‐circuit voltage of 1.375 V, and a high operating voltage of 1.32 V at 1.0 mA cm−2
under bending can be achieved. As a result, this work provides a promising technique in the
future ZAB research to prepare high-efficient electrocatylist on porous substrate. The
application in rechargeable coin-cell type and flexible ZAB also paves a new way for the
development of high‐efficient, cost‐effective, and environmentally friendly flexible energy
conversion and storage devices.

Chapter 7 Conclusion and Research Outlook
7.1 General conclusion
In this doctoral work, the two types of metal-air batteries, including the lithium-oxygen battery
and the rechargeable zinc-air battery have been studied. The synthesis, physical
characterization, and electrochemical performance of many nanostructured electrocatalysts for
air batteries were researched carefully. In the case of LaNi0.9Cu0.1O3 nanosheets, the effects of
the porous structure on the catalytic activity of the electrocatalyst and the abundant catalytic
active sites for Li-O2 batteries were investigated. TiN nanorods decorated with Pt3Cu
nanoparticles were also explored as electrocatalysts and were found to achieve high capacity,
high round-trip efficiency, and excellent cycling performance in Li-O2 batteries. Additionally,
an air cathode consisting of porous Ni3Pt on Ni foam has been reported for application in
rechargeable ZAB. The Ni@Ni3Pt air electrode exhibited the lowest charge potential and
overpotential among other recently reported catalysts. Based on the work presented in this
thesis, these findings can broaden our knowledge in the field of electrocatalysts for the Li-O2
battery and the rechargeable zinc air battery.
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The development of the Li-O2 battery began with LaNi0.9Cu0.1O3 decorated on Ni foam. The
LaNi0.9Cu0.1O3 nanosheets were fabricated by hydrothermal method, which can act as an
efficient bifunctional catalyst for the ORR and OER in Li-O2 batteries. This porous nanosheet
structure shows favourable rechargeability and excellent energy efficiency, facilitating rapid
O2 and electrolyte diffusion, as well as forming a continuous conductive network throughout
the whole energy conversion process.
A novel composite of Pt3Cu nanoparticles loaded onto TiN nanorods (TiN@Pt3Cu) was
synthesized by a facile approach, in which the TiN forms a continuous conductive network
connecting the Pt3Cu electrocatalyst nanoparticles together to facilitate good electrochemical
performance. The Pt3Cu electrocatalyst presents favourable rechargeability, and good phase
and morphology stability in Li-O2 batteries. Excellent discharge/charge performance is also
reported. Hence, this TiN@Pt3Cu composite is promising for use as a cathode electrocatalyst
material for Li-O2 batteries.
Ni3Pt thin film loaded on Ni foam as an integrated electrode for the rechargeable zinc air battery
(ZAB) was also reported. The air electrode showed the lowest charge potential and
overpotential among other recently reported catalysts. A rechargeable ZAB (coin-cell type) was
assembled using Ni@Ni3Pt as cathode, delivering a maximum power density of 90 mW cm−2
and a stable discharge voltage (> 1.09 V) at 10 mA cm−2. All of this high performance is based
on the high catalytic activity of the Ni3Pt film. As a result, this composite is a promising
bifunctional electrocatalyst for rechargeable ZAB with low charge potential and low
overpotential. Its application in rechargeable coin-cell type and flexible ZABs also opens up a
new pathway for the development of highly‐efficient, cost‐effective, and environmentally
friendly flexible energy conversion and storage devices.
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In conclusion, a careful study was carried on various catalyst materials such as
Ni@LaNi0.9Cu0.1O3, TiN@Pt3Cu, and Ni@Ni3Pt applied as air cathodes for the lithium-oxygen
battery and the rechargeable zinc-air battery. It is concluded that porous nanostructures will
exhibit a high full discharge capacity. This is because the high surface area of these materials
can provide plenty of space for Li2O2 formation, as well as favouring the gas diffusion in the
cathode. Both an oxide material (LaNi0.9Cu0.1O3) and noble metal based materials (Pt3Cu,
Ni3Pt) were studied in this PhD thesis. The use of oxide or alloying transition metal with Pt
materials can help to reduce the cost of pure Pt catalyst.

7.2 Outlook
Metal-air batteries, including the Li-O2 battery and the rechargeable zinc-air battery are
becoming one of the most promising energy storage and conversion technologies because of
their ultrahigh energy density. They are, in fact, still in the infant stage of development.
Overcoming the challenge to improve the performance of these batteries involves developing
catalysts with low overpotential and long-term cycling stability. This doctoral work has been
mainly focused on the synthesis and characterization of nanostructured cathode electrocatalysts
for both the lithium-oxygen battery and the rechargeable zinc-air battery. Based on the work
presented in this thesis, the reported strategies to synthesize nanostructured electrocatalysts
could be expected to raise general interest and have an influence on the development of
potential electrocatalytic materials for metal-air batteries. As rechargeable Li-O2 batteries and
zinc-air batteries are still in the research stage, the production of commercial rechargeable
metal-air batteries still has a long way to go.
The outcomes of this Phd study are mainly focused on the development of new catalyst.
LaNi0.9Cu0.1O3 is the oxide catalyst, which is more cost effective than the standard noble metal
such as Pt/C and IrO2. Pt3Cu was reported to outperform the standard Pt/C with the alloying of
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Cu to Pt material. Ni3Pt is also another Pt alloy, which exhibited the excellent low charge
potential and the small overpotential in rechargeable ZAB. However, the problem with the
ambient gas was not touched in this Phd study. The Li-O2 batteries in this research operate in
pure O2 gas. Therefore, the next research could be advancing the new membranes, which can
filter the CO2, N2, and moisture in the ordinary condition.
The rechargeable ZAB in this Phd study peforms the excellent low charge potential and the
small overpotential compared with other reported researchs. However, the problems with zinc
anode corosion limited the cycle performance of this battery, which make it is troublesome to
replace zinc anode due to electrode decay. The future direction could be centered on developing
the the protective layer for zinc metal, which still holds excellent charge transfer property in
alkaline electrolytes.
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